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I. Introduction 


This review is concerned with the chemical and physical properties of proteins 
and enzymes containing three distinct and unique forms of Cu; The “blue” center 
or, in the nomenclature proposed by Vänngärd, Type 1 Cu2+; the “colorless” or 
Type 2 Cu2*+, common to all multi-copper oxidases which reduce molecular oxygen 
to two molecules of water; and the Cu associated with the 330 nm absorption 
band, again common to the oxidases. The purposes of the review are to assemble 
chemical and physical data related to the indicated types of Cu binding sites, to 
offer some interpretations (and occasionally re-interpretations) of experimental 
results concerned with structure-function relationships, and to generalize some of 
the information available as it concerns the structures of these unique Cu-co- 
ordination complexes. Special emphasis will be placed on the kinetic and mecha- 
nistic work which has been carried out on the multi-copper oxidases while the 
physiological roles of the various protein systems will not be of particular impor- 
tance. 


General Properties of the Three Types Copper 


Type 1 Cu?+. This Cuir complex is characterized by two unique and apparently 
inseparable properties: an intense multi-banded absorption envelope in the region 
of 600 nm and an EPR!) spectrum having an unusually small hyperfine coupling 
constant, Aıı. The extinction coefficient of the band near 600 nm is approxi- 
mately 100 times larger than that, apparent in the same spectral region, of most 
Cu2+ complexes. Indeed, these two properties signal a structural arrangement of 
the Cu2+-protein combination which is entirely unique among Cu?+ coordination 
complexes. 

The Type 1 or blue cupric center is present in all the proteins which will be 
discussed in this review, either alone or in combination with two other types of 
copper complexes. 

Type 2 Cu®t. This form of Cu is present in all the blue multi-copper oxidases. 
It is characterized by lacking sufficient optical absorption to be observed above 
that of the other Cu-chromophores in these molecules. Consequently it is some- 
times referred to as the colorless Cu. Further, its EPR spectrum is similar to 
those exhibited by most small Cu2+ complexes. However, its presence is essential 
to the functioning of the multi-copper oxidases, and it has very unique chemical 
properties which distinguish it from Cu2+ bound to the non-blue Cu proteins. The 
Type 2 designation should therefore be reserved for classification of the types of 
Cu2+ sites observed in the blue multi-copper oxidases, and it should not be used 
to classify the binding sites of non-blue copper proteins which have distinctly 
different chemical behavior. Thus, for example, any purported analogies between 


1) Abbreviations used. CD, circular dichroism; EPR, electron paramagnetic resonance; 
ENDOR, electron nuclear double resonance; PCMB, PMB, p-chloromercuribenzoate; 
EDTA ethylenediaminetetraacetic acid; G-HCl, guanidine hydrochloride; PPD, p-pheny]- 
enediamine; DPD, N,N-dimethyl-p-phenylenediamine; SDS, sodium dodecylsulfate. 
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Type 2 Cu2+ and Cu** in superoxide dismutase, benzylamine oxidase, and galac- 
tose oxidase are fallacious. 

Type 3 Cu. This form of Cu is also found in all multi-copper oxidases and is 
essential to the reduction of oxygen. It is characterized by its ability to act asa 
two-electron acceptor/donor system, an absorption band at 330 nm, the lack of 
an EPR spectrum, and it is non-paramagnetic over a wide range of temperatures. 
This center appears to consist of two Cu2* ions, in close proximity, which are 
strongly antiferromagnetically coupled. 


II. Copper Proteins Containing Single or Independent “Blue” Centers 


Certain species of bacteria, non-photosynthetic plant material, and chloroplasts 
have been found to contain relatively low molecular weight proteins having either 
a single or two identical and independent Cu centers. The names and known 
chemical and physical properties of these proteins are assembled in Table 1. 


A. Azurins 


The first report of a blue protein from bacterial sources was that of Verhoeven 
and Takeda (1). These workers isolated a blue pigment from Pseudomonas aeru- 
ginosa having a broad absorption band at 630 nm which disappeared on addition 
of dithionite or upon heating. This observation was followed by work of Horio 
(2, 3) who developed a procedure for purification and established that the pigment 
was a protein containing a single copper per molecule. It was tentatively named 
Pseudomonas blue protein, a name which is still used to some degree. Later, 
Sutherland and Wilkinson (4) isolated a similar protein from Bordetella pertussis, 
and suggested that all such proteins be called azurins, a name which is now 
widely used. 

Proteins of this class which have received the most attention were isolated 
from four bacterial species: Pseudomonas aeruginosa, Ps. fluorescens, Ps. denüri- 
ficans, and Bordetella pertussis, although Sutherland (5) has isolated azurin from 
several other strains of Pseudomonas, Bordetella, and Alcaligenes. The near identity 
of azurins isolated from these different sources, has been generally assumed, and 
with one possible exception, that from Ps. denitrificans which does not bind to 
carboxy-methyl cellulose resin at the same pH as the other proteins (3), this 
seems to be the case. Ambler and Brown (6), who have elucidated the amino acid 
sequence of Ps. fluorescens azurin state that B. bronchiseptica, A. denitrificans 
and faecalis, Ps. denitrificans and fluorescens yield azurins having homologous 
amino acid sequences. 

1. General Chemical Properties. The information assembled in Table 1 is 
consistent with azurins from the several sources indicated containing a single 
Cu atom in a protein of molecular weight approximately 16,000 and very little 
if any associated carbohydrate. 

The optical absorption and circular dichroism spectra of Ps. fluorescens azurin 
are shown in Fig. 1. The broad, intense band near 600 nm demonstrating signi- 
ficant multiplicity is typical of the blue Cu-center. The ultraviolet spectrum of 
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Table 1. Properties of proteins containing only single or independent “blue” copper centers) 








Pseudomonas Bordetella Pseudomonas Pseudomonas 
Source aeruginosa pertussis denitrificans fluorescens 
Chemical Properties 
Commonly Pseudomonas Azurin (4) Blue protein (277) Azurin 
used name blue protein (3) (Azurin) 
Azurin (4) 
Number of Cu 1 I ] 1 
Hydrodynamic S9 = 1.91s S20,w = 1.59s S20,w = 1.90s 
parameters Deo = 1.06 x 10-6 D20,w = 1.06 x 10-8 D=1.11 x 10-6 (211) 
(209) cm? sec-1 (4) cm2/sec 
vy = 0.749 
Molecular weight 30,000 (Cu) (3) 14,600 (S,D) (4) 16,300 (S,D) (277) 16,000 (Cu) (273) 
14,600 (aa) (270) 14,700 (Cu) (4) 16,600 (Cu) (277) 13,944 (aa) (6) 
17,400 (S,D) (209) 16,000 (X-ray) (272) 


16,600 (Cu) (209) 
Isoelectric point 5.40 (209) 


Spectral criterion A 625/A 980 = 0.47 A 625/4 289 = 0.59 
of purity (4) (273) 

Amino acid + (270) Sequence (6) Sequence (6) 
composition 

Half-cysteine 2 (270) 3 (6) 
composition 

Sulfhydryl groups») 1 (6) 
Carbohydrate <0.02% (273, 6) 
composition 

Oxidation 300 mV (pH 7) (3) 395 mV (pH?) (4) 230 mV (pH 6.8) (277) 


reduction potential 328 mV (pH 6.4) (209) 


Spectroscopic and magnetic properties 


EPR parameters (77) (202) (88) (202, 11) (77) 
£11 2.260 2.26 2.273 2.26 2.261 
Bi 2.052 2.055 2.049 2.055 2.052 
Au (cm!) 0.006 0.006 0.006 0.006 0.0058 
A, (em) ~0 ~0 
Optical absorption (77) (211) (11) 
spectrum 21,400 (0.27) 470 (1.3) 21,800 (0.285) 
nanometers 16,000 Ga 620 (10.5?) 16,000 (3.5) 
or wavenumbers 12,200 (0.39) 770 (2.6) 12,800 (0.32) 
(mM-Icm-1) 
Circular (9) 
dichroism 26,800 (+) 
spectrum 24,500 (+) 

21,400 (—) 

19,200 (+) 

16,100 (+) 

12,400 (—) 





a) Measured values only. For example, calculated values of # were not included. 
b) Observed only in the apo-protein. 
¢) All bands probably not resolved. 


Table 1. (continued) 


Rhus vernicifera 
Latex 


Stellacyanin (24) 


l 


S20,w = 2.0s 

Dan e =0.6 x 10-6 
(22) cm? sec-1 

y = 0.68 

25,000 (S,D) 

(22) 

20,000 (Cu) 

(22) 

9.86 (274) 


A 6098/4 280 = 0.17 
(22) 


+ (29 
5-6 (24) 


1 (29) 
20%, (24) 


184 (7.1) (64) 


(27) 
2.287 
2.077,2.025 2,06, 2.03 
0.0035 0.0033 
0.0029, 0.0057; 0.0047, 
< 0.001 


(24) 
2.30 


(22), (27) 
450 
608 (4.03) 
850 


(275) 

33,000 (+) 
22,400 (—) 
19,000 (+) 
16,500 (+) 
12,800 (—) 
11,000 (+) 


Horse radish 
root 


Umecyanin 


1 


S20,w = 1.95 
(26) 


15,000 (S,D) 
(26) 

13,800 (Cu) 
(276) 


5.85 (26) 


Asıo/Äaso 
— 0.27 (216) 


+ (26) 


3 (26) 


3.7%% (26) 


283 (pH 7) (277) 


(23) 
2.317 
2.05 
0.0035 


(278) 

24,600 
22,150 
19,100 
16,500 
12,700 


rs 


Etiolated 
Mung 
bean (25) 


590 — 2.85 


22-26,000 
(S,D) 
22,700 
(Cu) 


A598/A 280 
= (0.17 


30% 


450 
598 
800-850 


Rice 
bran (279) 


S20,w 
= 1.98s 


23,000 


Present 


450 
600 


Chloroplasts 

Spinach French bean (34) 
Plastocyanin 

2 I 


Dane = 0.66 x 10-6 
(33) cm? sec) 


p == 0.70 

21,000 (S.D) 10,790 (Approach 
(33) sed. equil.) 
10,800 (Cu) 11,000 (Gel. 
(33) chrom.) 

<4 (33) 

A 597/A 278 A 597/4278 
= 1.25 (33) = 0.91 

+ (33) + 

2 (33) 1 

2 (37) 

5.4% (33) 


Broken chloroplasts 
370 (pH 7) (33)' 
Intact chloroplasts 
343 (pH 7.8) (38) 
Chlorella — 390 

(pH 7) (37) 


(36) 

2.226 Chenopodum 
2.053 Album 
0.0063 

<0.0017 


(33) 

490 Spinach 
597 (4.9) 
780 


597 (4.5) 


(36) 

22,100 (—) Chenopodum 
16,700 (—) Album 
12,700 (+) ORD)°) 
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[e]x 1073 


EX 10”? 





Fig. 1. Visible circular dichroism (A) and absorption (B) spectra of Pseudomonas aeruginosa 
azurin. The solid line corresponds to the observed spectral envelope, and the dashed lines are 
individual Gaussian bands the sum of which represent the experimental spectra. The CD 
bands are listed in Table 1. [Taken from Tang, Coleman, and Myer; Ref. (9)] 


azurin is unique in having a sharp maximum at 292 nm and fine structure in the 
region of 280 nm (7). The available spectroscopic and EPR parameters of the 
Cu2+ of azurins are assembled in Table 1. 

The amino acid sequence of Ps. fluorescens azurin, Fig. 2, determined by 
Ambler and Brown (6) reveals information which is fundamental to any under- 
standing of the physical properties of the blue center. During the course of this 
work a number of observations suggested that azurin possessed a very compact 
structure and that the metal played some role in maintaining this structure (6). 
For example, the native protein was found to be completely resistant to proteo- 
lysis by trypsin, chymotrypsin, or subtilysin B while, in contrast, the apoprotein 
was readily digested by these enzymes. Another manifestation of the compactness 
of the protein structure was the failure to detect significant amounts of tryptophan 
(6) in undigested material by the chemical method of Spies and Chambers (8) 
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whereas in digested material one residue per mole of protein was found. Tang 
et al. (9) have estimated from CD measurements that the secondary structure of 
azurin consists of approximately 23% random coil, 40% «-helix, and 37% £- 
structure. This is unchanged in the apoprotein. 

Maria (10) observed that in the pH 8—12 range the blue color of azurin was 
slowly bleached. A reduction was shown to occur as ferricyanide completely 
restored the blue color and the characteristic EPR spectrum. It was suggested 
that SH groups served as the electron donor. Later Brill et al. (77) observed that re- 
ducing equivalents were present in amounts exceeding the requirement to reduce the 
Cu2+. It was suggested that water was being slowly oxidized to H20%2 or Og, but 
it is more likely that endogenous impurities serve as electron donors in this and 
other reductions of Type 1 Cu?+ at high pH (72). 

As first demonstrated by Yamanaka et al. (7) the Cu atom can readily be 
removed by dialysis of reduced protein vs. 0.5 M cyanide. The native protein 
could be restored by simply adding CuSO, to the apoprotein; the velocity of 
reformation was apparent first order in both apoprotein and Cu?* concentrations, 
and full blue color development was obtained with a single g-atom Cut per mole of 
apoprotein (7). This recombination was later shown to go to completion in the 
pH range 3.1—9.0 and to occur only to a small extent at pH 2.6 or 10 (6), an 
observation which led Ambler and Brown (6) to suggest that H+ was not competing 
with Cu2+ for the binding site in the above pH range making it unlikely that a 
group with a pK, between 4 and 8 was involved in binding the metal. However, 
if the overall binding constant of Cu?+ is very much greater than that of the 
proton then no effect of acidity would be observed as long as the proper con- 
formation of the protein was maintained. 

Other metal ions including Co2+, Co8+, Mn2+, Nä Cr8*, Feit, and Fe®+ 
were shown not to restore the blue color (7). However, metal ions other than Cu?+ 
appear to bind firmly to the apoprotein, possibly in the same site as Cu2+, The evi- 
dence for this was given by Ambler and Brown (6) who found that Co?+ would 
protect the apoprotein from proteolytic digestion in a manner similar to Cu®*. 

2. Individual Amino Acids and the Environment of the Copper. Several ex- 
periments designed to obtain information regarding the environment of the 
Cu2+ and its immediate ligands have been carried out using azurin Ps. fluores- 
cens. 

Tryptophan. A number of observations suggest that the single tryptophan 
residue occupies a strongly hydrophobic region within the azurin molecule. Fhis 
was first suggested by Teale [cf. (6)] on the basis that the narrow maximum at 292 nm 
arises from a well known perturbation of the indole moiety in a hydrophobic 
environment (73). From a practical point of view, the 292 absorption band can 
serve as a probe of the native conformation of the protein. In this regard, the 
band remains upon removal or reduction of the Cu?+ (7) but denaturing condi- 
tions lead to its disappearance; for examples, digestion of the apoprotein with 
proteases (74), dissolution in 6 M G - HCI (75), or very low pH treatment (75). A 
further property suggesting the tryptophan residue resides in a hydrophobic 
environment is its unusually high energy of fluorescent emission (75). Tryptophan 
in hydrophilic surroundings generally has an emission maximum near 350 nm 
while in azurin the emission maximum is at 308 nm. Upon denaturation with 
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acid or 6 M G - HCl this shifts to 350 nm. Dissolution of the acid denatured protein 
in 2%, SDS restores the emission maximum to ~310 nm (75), presumably because 
the indole moiety is surrounded by the alkyl chains of the SDS molecules. 

The fluorescence emission intensity from holoprotein is approximately 40% 
that observed with apoprotein (75). Addition of Cu2+ or Hg?+ to apoprotein caused 
a stoichiometric decrease in fluorescence. PMB, however, had no affect on the 
emission intensity (75). Cu?+, Hg**, and Ag+ also have some quenching effect on 
the luminiscence of the tryptophan. While the single tryptophan residue serves 
as a “reporter” of the native conformation of the protein the following considera- 
tions suggest that it is probably not a direct ligand to the Cu®*: (a) Removal of the 
Cu2+ does not change the UV absorption characteristics of the system which are 
largely dominated by this residue. (b) A complete quenching of both fluorescence 
and luminescence emission would be expected (76). (c) The exceptionally high 
pKa of the indole N-H (77) would not exclude the indole anion as a ligand but 
does suggest that its coordination would be extraordinary. 

Tyrosine. Azurin contains two tyrosine residues (6). Finazzi-Agro et al. (15) 
and Avigliano et al. (78) have titrated azurin and apoazurin to very high pH and 
measured changes in AA 295. Anomalous behaviour such as hysteresis effects and 
unusually large changes in absorbance at 295 nm were observed. Estimated pKa 
values are ~ 12.3 and ~12.5 for the tyrosines of azurin and apoazurin respectively. 
However, Cu2* does not appear to be bound to tyrosine as there are no differences 
between the UV spectral properties of apo- and holoproteins. 

Cysteine. Some chemical observations suggest but do not definitely prove that 
the single sulfhydryl group of azurin may be a direct ligand to Cut, This was suggest- 
ed by the inhibition of the reconstitution process by the sulfhydryl binding agents 
Hg?+, Ag+, and PMB (75, 79), all of which bind to apoprotein in 1:1 stoichiometry. 
It was argued that the inhibition is effected by a competitive binding of -S~ to 
Cu®+ and to metals having a high affinity for sulfhydryl. Attempts to block the 
cysteine by alkylation have been unsuccessful apparently because the single 
cysteine is flanked by very bulky side chains; Tyr, Met, Phe, Phe on the N-terminal 
side and Thr, Phe on the C-terminal side, which prevent reaction of the SH group 
even under strongly denaturing conditions (Fig. 2) (6). 

Water. Koenig and Brown (20) and Boden et al. (21) have studied the paramag- 
netic contribution of azurin bound Cu?* to the relaxation rate of solvent protons 
and concluded that Cu?* probably does not have an open coordination position 
to bind water. This conclusion would be consistent with the apparent inability of 
azurin to form stable anion-Cu2+ complexes. 


B. Stellacyanin, Umecyanin, and Mung Bean Blue Protein 


Each of these proteins is isolated from non-photosynthetic plant tissue. Stella- 
cyanin was originally isolated by Omura (22) from the exudate of the lacquer tree 
Rhus vernicıfera. Umecyanin is found in horse radish roots (23), and Mung bean 
blue protein is isolated from etiolated Mung bean plants. When properly purified 
these have no oxidase activity but can be reduced by various electron donors. 
The information in Table 1 suggests a single Cu atom per molecular weight of 
approximately 15—20,000 daltons. Stellacyanin (24) and Mung bean protein (25) 
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contain a large amount (20-30%) of carbohydrate while umecyanin has only 
3.7% (26). These proteins have no known or suspected biological function. 

pH Effects in Stellacyanın. Peisach et al. (24) found that the EPR spectrum of 
stellacyanin was unaltered in the pH region 8.3—2.0, however, above 8.3 in the 
range 8.3—11.5 a transition to a “denatured” or biuret type of Cu?+-complex 
occurred. An EPR spectrum showing superhyperfine structure arising from several 
N-atoms was observed, and it was concluded that the uniquely bound Cu?+ must 
have at least four N-atoms as primary ligands. Later work by Malmström et al. (27), 
however, showed that the transition between the biuret-type EPR spectrum and 
the native form of Cu2+ was not reversible; excluding any deductions regarding 
the nature of the immediate liganding atoms of Cu2+ in the native form of the 
protein. 

The ligands of Cu?+ bound to stellacyanin have been probed with the electron 
nuclear double resonance (ENDOR) technique by Rist et al. (28). These authors 
have drawn the following conclusions about the immediate structure of the Cu2+ 
complex of stellacyanin: (a) It is not readily accessible to solvent water molecules, 
consistent with previous observations of Peisach et al. (24); (b) More than one 
set of N-atoms contributes to the ENDOR signal; and (c) The unpaired electron 
of the Cu2+ ion is quite strongly coupled to at least one proton in the oxidized 
protein which in the native oxidized form is not readily exchangeable with solvent 
protons. 

Morpurgo et al. (29) have successfully removed and replaced the Cu?* in 
stellacyanin. The procedures developed were used by McMillin et al. (30) to 
prepare a Co2+ analog of this protein. The optical spectrum of Co®*+ stellacyanin 
shows weak d >d transitions in the visible region but exhibits an intense absorp- 
tion near 350 nm which has been assigned as a sulfur - metal charge transfer 
transition. While this would seem to be good evidence that Co2+ is coordinated to 
sulfur and by analogy Cu2+, it remains to be shown that Co?+ binds the same 
ligands as Cu®t. 


C. Plastocyanin 


This protein is found exclusively in the chloroplast where it is involved in electron 
transfer from Photosystem II to Photosystem I. Plastocyanin has been isolated 
from a number of green algae: Chlorella ellipsoidea (31), and Chlamydomonas 
yheinhardi (32), as well as from spinach (33), French bean (34), parsley (35), and 
Chenopodium album (36). 

There is some confusion in the literature concerning the molecular weight of 
the protein from the various sources. The early paper of Katoh et al. (33) on the 
physical properties of spinach plastocyanin indicated a molecular weight of 
approximately 21,000 based on sedimentation and diffusion measurements and a 
minimum molecular weight based on Cu analyses of 10,800 daltons. These data 
suggested a molecule containing two g-atoms Cu per 21,000 daltons. Blumberg and 
Peisach (36) report results indicating the protein from C. album has a molecular 
weight of 11,500. Gorman and Levine (32) report a molecular weight of 13,000 
(gel filtration) for C. rheinhardi plastocyanin but do not report the percentage of 
Cu. Milne and Wells (34) have studied the properties of French bean plastocyanin 
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showing that the plastocyanin has a molecular weight of 10,600 and contains one 
g-atom of Cu. Its amino acid composition is strikingly similar to that of spinach 
(33) when the latter is expressed in terms of residues per 10,800 daltons. The authors 
suggest that the spinach protein consists of a dimer of ~ 11,000 dalton subunits. 
Therefore, it would seem in general, that plastocyanin has a molecular weight 
near 10,500 and binds one g-atom Cu for each mole protein. Spinach plastocyanin 
is unique in that it appears to form a fairly strong dimeric complex. Since French 
bean and spinach plastocyanins have essentially identical spectroscopic properties, 
the dimerization does not appear to affect the properties of the Cu-binding site, 
and there is no interaction between the two binding sites. 

Katoh and Takamiya (37) observed that stoichiometric amounts of Hg2+ or 
Ag* would decolorize a solution of plastocyanin. The velocity of the decolorization 
was greatly enhanced in the presence of denaturant. PCMB, having a general 
specificity for sulfhydryl groups also decolorized plastocyanin. Apoprotein could 
be prepared by precipitation at pH 2.0 in the presence of citrate and 50 %, ammoni- 
um sulfate. Apoprotein so obtained, in contrast to native protein, was found to 
contain one freely reacting SH group, Reconstitution could be effected by simply 
adding Cu?* at pH 7, and this was blocked by PCMB. Katoh and Takamiya (37) 
interpreted these results as indicating that SH was involved in coordinating Cut, 
Recently, Graztant et al. (35) have repeated Katoh’s work with parsley plastocyanin 
obtaining identical results. In this case, as with azurin and stellacyanin it is not 
known whether mercurials decolorize by competitively removing a direct ligand to 
Cu?* or by binding near the Cu?+ concomitantly changing its physical environment. 

The sequences of plastocyanins from the green alga Chlorella fusca (223) and 
the potato plant Solanum tuberosum L. (224) have been determined. As can be 
noted by comparing the limited regions about the single cysteine residue present 
in the two plastocyanins and azurin there is not a true homology, but on the basis 
of the chemical] similarities between the several proteins Kelly and Ambler (223) 
have suggested a functional similarity in this region of the sequence. 


SH 
Azurin (Fig. 2) Glu—Tyr—Met-—-Phe—Phe—Cys—Thr—Phe—Pro 
107 115 
Alga (223)  Thr—Tyr—Gly--Tyr—Phe—Cys—Glu—Pro 
78 85 
Potato (224) Thr—Tyr—Thr—Phe—Tyr—Cys—Ala—Pro 
79 86 


The redox potentials of a number of plastocyanins are given in Table 1, but 
only spinach plastocyanin has been studied at more than one pH. Katoh et al. (33) 
report that above pH 5.4 the redox potential is constant at 370 mV while below 
pH 5.4 the potential increases approximately 60 mV for each unit of pH. This is 
formally rationalized by the equilibrium 


L LHt 
P — Curt +t —— P CH 
H+ 
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where L is a direct ligand to Cu2+ which when reduction occurs above pH 5.4 
remains bound to Cut and below pH 5.4 binds a proton instead of Cut. However, 
the proton could bind to any ionization linked to the reduction of the Cu?+, 
Malkin et al. (38) using the ferri/ferrocyanide couple report that the redox potential 
of spinach plastocyanin is 340 mV in the chloroplast and 370 mV in aqueous 
solution. This difference may be important in assigning the position of plastocyanin 
in the photosynthetic electron transport chain. However, the observation of 
Graziant et al. (35) that ferrocyanide binds very strongly to parsley plastocyanin 
should be considered carefully in evaluating redox potentials. 

Other observations relevant to possible ligands to the Cu?* are: (a) None of the 
plastocyanins analyzed contains tryptophan or arginine. (b) The fluorescence of 
tyrosine in parsley plastocyanin is partially quenched but there is no evidence 
that tyrosine is bound to Cu?+, (c) Spinach and French bean plastocyanin contain 
two histidine residues while parsley plastocyanin appears to have only one. 
(d) Blumberg and Petsach (36) report a very small effect of plastocyanin bound 
Cu?+ on the magnetic relaxation properties of H20, suggesting H20 does not ligand 
the Cu. 


III. Multicopper Oxidases 


In Section II we discussed the properties of certain proteins containing single or 
isolated and independent blue copper centers. With the exception of plastocyanin 
the biological function of these proteins is not known, but it 1s very likely that 
they participate in single electron transfer reactions. 

The isolated Type 1 Cut is insensitive toward reoxidation (39) by molecular 
oxygen. This important and general restriction on the reactivity of these ions is 
removed in a number of enzymes which, in addition to the blue center, contain 
several other Cu per molecule (39). The means by which Type 1 Cu* is reoxidized 
by molecular oxygen in these proteins is a fascinating and yet unsolved problem. 

In the following discussion we will consider the properties of three different 
classes of this general type of enzyme: laccases, ceruloplasmin, and ascorbic acid 
oxidase. Pertinent data are assembled in Table 2. Each of these enzymes catalyses 
the general reactions: 


2 AHo + Og —> 2 A +2 H20 2 x 2e- reduction 
4 A` + 4 H+ + Os —— 4 A +2 H20 4 x le” reduction 


where AH} requires two electrons to be oxidized to A. 

In the case of a one electron donor (A-), for example, ferrocyanide, which is a 
poor to moderately good substrate for some of these enzymes, the catalyst is 
clearly coupling a one electron oxidation of substrate to a four electron reduction 
of molecular oxygen. This is a general property of the multi-copper oxidases. 

As indicated in the Introduction, there are at least three different forms of Cu 
in all multi-copper oxidases which have been appropriately examined. These 
have been classified as Type 1 Cu2+, Type 2 Cu2+, and Type 3 Cu; the relative 
proportions of these is fixed within any particular native enzyme. 


12 


Copper Proteins — Systems Containing the "Blue" Copper Center 


A. Chemical and Physical Properties of Laccases 


Laccases are enzymes which catalyze the oxidation of p-diphenols according to 
the reaction 


OH O 





2 + O, + 2 + 4H,0 . 


OH O 


Actually they catalyze the oxidation of a variety of oxidizable materials (40—45), 
however, the Enzyme Commission has chosen to designate these enzymes as diphe- 
nol: Og oxidoreductases (EC 1.10.3.2). 

The name laccase was first given to the enzyme by G. Bertrand (46) who 
studied its activity in crude form from the latex of the lac tree Rhus succedanea, 
and similar enzymes have been found in the latex of various other Asian lac trees 
(47). The particular enzyme from this source receiving the most attention has 
been that isolated from Rhus vernicifera. Another source of enzymes having 
properties similar to lac tree laccases are the white rot fungi. Fårhraeus and 
collaborators (48—52) have developed methods whereby a laccase can be obtained 
in large quantities from the mycelium of the fungus Polyporus versicolor. This 
enzyme, termed fungal laccase, is probably the best characterized of all enzymes 
of this type, and it will be discussed first. 

1. Polyporus versicolor Laccase. There are two electrophoretic forms, 
A and B, of fungal laccase (50—52) which otherwise seem to be identical as enzymes. 

The general properties of this protein are summarized in Table 2. Four copper 
atoms are bound per molecular weight 62—64,000, and the work of Butzow (53) 
suggests that if the enzyme is polymeric it does not consist of subunits which are 
easily dissociated. Indeed it appears that this protein, like transferrin, 
(MW ~80,000), may consist of only one polypeptide chain [cf. (54)]. 

There has been relatively little work done on the chemical properties of the 
individual amino acids. Briving and Deinum (55) have examined the reactivity 
of the cysteine SH groups. The native oxidized enzyme has no reactive SH while 
the enzyme denatured under anaerobic conditions in the presence of appropriate 
trapping agents for Cu?+, exhibits a single SH group. The remaining cysteine 
appears to exist in two disulfide bonds. 

Also assembled in Table 2 are the spectroscopic and magnetic properties of the 
associated Cu chromophores. The characteristic features of the optical absorption 
spectrum are an intense absorption band at 610 nm (e =4900 M-! cm!) and a 
band near 330 nm in the difference spectrum of oxidized minus reduced enzyme 
(Ae =2800—3000 M-1 cm!) (56). The absorption band at 330 nm is unique to 
the multicopper oxidases (39) while the intense multi-banded envelope in the 
660 nm region is characteristic of the Type 1 Cuê+t. 

Electron paramagnetic resonance and magnetic susceptibility measurements 
have been essential in detecting the presence of the uniquely different Cu ions 
bound to the enzyme. Early measurements (57) demonstrated that only 50% of the 
total Cu was detectible by double integration of the EPR signal, and subsequent 
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Table 2. Properties of multi-copper oxidases 


Laccase 


Enzyme and source 


Chemical properties 


Total number Cu/mole 4 (57) 


Hydrodynamic 
parameters 


Molecular weight 


s=4.8 (50) 
5 =0.705 (57) 


64,400 aa (57) 


Polyporus versicolor 


62,000 S,D (50) 


Number protein subunits 
Isoelectric point 


Spectral criterion 
of purity 


Amino acid composition + (57) 


Half-cysteine content 


6 (57), 7 (55) 


3.07, 3.27 (Laccase A) (52) 
A 980/A 610 = 15.2 (57) 


Sulfhydryl groups 1 (55) 
Carbohydrate 14% (50, 57) 
composition 

Disposition of Cu atoms 

Number Type 1 1 

Number type 2 | 

Number diamagnetic 2 
Oxidation-reduction 

potentials 

Type 1 767 mV (63), 785 mV (64) 
Type 2 

Type 3 782 mV, n =2 (64) 


Type 3, excess F~ 


Spectroscopic and magnetic properties 


EPR parameters 


Type 1 Laccase A 

DAN) 2.19 (59) 

g 2.03 

Zu cmi 0.009 

Type 2 (59), (65) 

£11 2.24; 1 Fo, 2.26; 2 F~, 2.28 
Bi. 2.04 

Ay 0.0194 0.0195 0.018 


Optical absorption Laccase A 


spectrum 

Circular dichroism (275) 

spectra cm-! or nm Laccase A 
13,200 (+) 
15,800 (—) 
19,000 (+) 
22,500 (—) 


570 mV, n =2 (64) 


610 nm, e = 4.9 mM-1 cm~! (57) 
330 nm, Ae = 2.7 mM-1 cm-! (62) 


(9) 

Laccase B 
13,700 {+-) 
16,260 (—) 
18,800 (+) 
22,100 (—) 
25,500 (+) 
28,000 (+) 


Rhus vernicifera 


4 (78, 220, 221) 


s20 = 6.25s (227) 

Dao,w = 3.57 x 107% cm? sect (221) 
»=0.70 (227) 

» = 0.734 (78) 

p = 0.676 (274) 


1.04 x 105 (78) 
1.10 x 105 (274) 
1.41 x 105 (S,D) (227) 


8,55 (274) 


A 280/A 250 = 2.3 (274) 
A 280/4 614 = 15.2 (274) 


+ (274) 


6-7 (214); 7 (55) 
1 (55) 
45%, (214) 


415 mV (220), 394 mV (64) 


365 (64) 
434 mV, n =2 (64) 
390 mV, n =2 (64) 


(27) 
2.23 
2.05 
0.0043 
(27) 
2.24 
2.05 
0.020 


615 nm, e=5.7 mM-! cm! 
333 nm, Ae = 2.8 mM-1 cm} (27) 


(215) 
11,700 (—) 
14,000 (—) 
16,800 (+) 
19,000 (-+) 
22,400 (—) 





Table 2. (continued) 


Ceruloplasmin 
human serum 


7 (6-8) 
cf. Table 4 


1 (779) 
4.4 (107) 
A 280/4 610 =20.8-21.9 


+ (779) 


~ 15 (119) 
4 (126, 55) 
6-10%, (112, 113) 


= N 


490 mV (723) 
580 mV (723) 


cf. Fig. 6 


(747) 
2.247 
2.06 
0.0189 


610 nm, e=6.5 m[Cu]”1 cm! (723) 
330 nm, Ae = 3.3 mM-1 cm! (779) 
610 nm, £1% = 0.68 (137) 


(275) 


Ascorbate oxidase 


Green zuchini squash 


8-12 (54, 192) 


S20,w = 7-528 (792) 


140,000 S,D (192) 


4 (54) 


A 280/A 610 = 25.6 (793) 


+ (Summer crook neck squash) 


(789) 
17-18 (789) 
10-12 (789) 


(225) 

2.227 

2.058, 2.036 
0.0058 


2.242 
2.053 
0.0199 


760 nm (225) 
610 Ae = 1.21 m[Cu]-1 cm-1 
330 As = 0.49 m[Cu]-1 cm-1 


(793) 
770 nm (—) 
660 (+) 
480 (—) 
420 (+) 
vn) 


310 


Cucumber (197) 


8 


Sobsa = 7.1s 
»=0.71 


132,000 (SE) 


6.0-7.8 
Aas0/A 607 = 24 


2.22 
Em = 2.06 
0.005 


Present 


760 (S) 
607 e = 1.2 m[Cu?+] 
330 S 


J. A. Fee 


determinations of room temperature magnetic susceptibility showed only half the 
total Cu present was paramagnetic (58). A subsequent study (59) revealed the 
presence of two types of Cu2+ having rather different EPR parameters. By using 
a computational method described by Vänngärd (60), in conjunction with a variety 
of chemical experiments, it was possible to show that each ion was present in 
equal amounts, and these ions were designated Type 1 and Type 2 Cu?* ions 
(Fig. 3). The four Cu atoms are thus bound in at least three uniquely different 
environments: Type 1 Cu?+, Type 2 Cu?+ ions, and two Cu which are EPR-non- 
detectable non-paramagnetic at room temperature. 

Anaerobic redox titrations (67) have established the presence of approximately 
four electron accepting sites in the molecule, these being divided among two 
one-electron acceptors and one two-electron acceptor (62}; there are no other 
functional redox centers in the molecule. The two-electron center has been associ- 
ated with the 330 nm absorption band (62). The redox potentials of the individual 
sites, as determined by a combination of various potentiometric and spectrophoto- 
metric measurements, are found in Table 2. 

Type 1 Cut, The Type 1 Cu?*+ is characterized by the unusually small hyperfine 
coupling constant in the parallel region of its EPR spectrum. This and its association 
with the efficient absorption of red light place it in a class with the Cu?+ centers 
discussed in Section II. The optical and magnetic properties of this ion, presented 
in Table 2, are distinguished only in detail from those of other blue proteins. 


Simulated 


Le ~ 
un wën em 
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MAGNETIC FIELD (GAUSS) 





2600 2800 3000 3200 
MAGNETIC FIELD (GAUSS) 


Fig. 3. Experimental and computed EPR spectra of Polyporous (left) and Rhus (right) laccases. 
[Taken from Vänngärd; Ref. (205)] 
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There is no available evidence that Type 1 Cu2+ can be perturbed by external 
means: ıt does not bind anıons and water does not appear to be a ligand of its first 
coordination sphere (57). The chemistry of the Type 1 ion is thus dominated by 
its redox properties. 

The redox properties can be divided among those involved with its reduction 
by potential substrates of the enzyme, its reoxidation by molecular oxygen, and by 
electron transfer to and from other redox centers within the molecule. Type 1 
Cu?+ is reduced rapidly by a variety of both one-electron and potential two-electron 
substrates via a one electron process (63, 64). A likely reason for this ease of 
reduction of Type 1 Cu?* ion lies with its exceptionally high redox potential 
(0.77 V at pH 6.2, Table 2). Introduction of molecular oxygen to reduced laccase 
results in a rapid reappearance of the blue color characteristic of Type I Cu?+, 
The question of intramolecular electron transfer occurring during reoxidation will 
be considered below. 

Type 2 Cu2*, Anions such as azide, cyanide, cyanate, fluoride, and thiocyanate 
are effective inhibitors of laccase in the concentration range 1—100 uM; while 
other anions such as phosphate, chloride, nitrate, and sulfate are inhibi.ory only 
in the neighborhood of 10 mM (65). To investigate the source of the inhibition, 
the interaction between the enzyme and fluoride and cyanide was studied by EPR 
spectroscopy. When CN” was mixed with laccase the blue color disappeared and 
the EPR spectrum of the resulting material showed a wealth of superhyperfine 
structure due to coordinating N-atoms (59, 65). The superhyperfine pattern 
obtained was complex arising from 3—4 N-atoms (59). When 18CN was used in 
place of 12CN the superhyperfine pattern was altered and the calculations of 
Vänngärd showed two 13CN were coupling to the Cu?+ (63). The bleaching of the 
Type 1 ion is undoubtedly due to its reduction by CN (66). 

Further evidence for two coordination positions on Type 2 Cu?* come from the 
results with F-. Here it was found (65) that the 1:1 F--laccase complex was 
unusually stable and the EPR spectrum showed clearly resolved superhyperfine 
structure resulting from the interaction between the unpaired electron and one 
19h (J = 1/2) nucleus. Addition of an excess of F- over laccase resulted in the for- 
mation of a 2:1 F--Type 2 Cu?+ complex with the EPR spectrum showing 
equivalent coupling between the unpaired electron and two 19F nuclei. The 
changes in the EPR spectrum of the Type 2 Cu?+ resulting from coordination to 
F- are indicated in Fig. 4. 

The requirement of the Type 2 Cu2+ for enzymatic activity was demonstrated 
by specifically removing this ion with concomitant loss of enzymatic activity. 
The spectral properties of Type 1 Cu?+ were unchanged in the absence of Type 2 
Cu?t and the ability of the enzyme to interact with CN- in the normal fashion was 
impaired. Activity could be restored to the enzyme by incubation with Cu2+ and 
ascorbate while the Cu?+ alone was ineffective in reconstitution. Attempts to 
remove all Cu either by acid treatment or reaction with excess cyanide did not 
yield material which could be readily reconstituted to native enzyme (67). 

Fluoride ion was later shown (67) to be a common contaminant of native 
enzyme and procedures for its removal were formulated (68). The essential step of 
the procedure involved treatment of the reduced enzyme with mM HO: and in 
the course of this study (68) it was found that HzO produced spectral changes in 
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MAGNETIC FIELD (GAUSS) 


Fig. 4. EPR spectra of Polyporous laccase: A, the native A form; B, plus one molar equivalent 
F-; C, plus an excess of fluoride. The spectral parameters of the annated derivatives are listed 
in Table 2 [Taken from Malkin, Malmström, and Vänngärd; Ref. (65) | 


the region 320—800 nm. Addition of laccase to 10 mM H2O¢ resulted in a decrease 
in 610 nm absorption, the appearance of a new band at 400 nm, and increases in 
345 nm absorption. The absorption changes at 345 nm were variable with different 
preparations and insensitive to previously added F~. Over a period of four hours 
the spectrum had returned to normal. The band at 400 nm, however, was not ob- 
served if 1 mM F- was added prior to H202. The decrease in 610 nm was probably 
due to reduction of the blue Cu2+ by Haha while the increase in absorption above 
500 nm was considered due to a complex formation between laccase Cu?+ and 
Has Evidence for the latter came from the 35 GHz EPR spectra which showed 
that the hyperfine lines of Type 2 Cu?+ were shifted to higher field when laccase 
was treated with excess HaOs, and this effect was largely reversed on standing. 
Has was not strongly bound to the oxidized form of the enzyme since a hundred- 
fold reduction of reagents (from 30 uM enzyme and 100 uM H202) did not yield 
any spectral perturbations. 

The binding of F- to fungal laccase, tree laccase and ceruloplasmin has been 
shown to effect substantial perturbations of the entire visible and near ultraviolet 
spectrum (69). While the conditions required for complete binding of F- with the 
various enzymes are different, the resulting difference spectra are very similar 
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for all three enzymes. With fungal laccase one Meg F- produced complete optical 
changes. However, the rate of F- binding to Type 2 is very slow (k = 0.0009 sech 
and independent of F~ concentration. It was proposed that the native form which 
does not react directly with F- is in equilibrium with some conformer which can 
bind F~. It must be inferred from this work that F- produces the spectral changes 
in the enzyme by trapping it in a conformation different from native enzyme, a 
conformation which apparently alters the properties of both the 610 and 330 nm 
chromophores although contributions of the Type 2 Cu2+ — F- complex cannot 
be excluded. 

The Type 3 Coppers. There are two atoms of Cu bound to laccase which are 
not detected by EPR and which appear to be completely diamagnetic even at 
room temperature (57, 58). Three experimental observations which are thought 
to be relevant to these atoms are: (a) The presence of a two-electron acceptor in 
laccase having a very high redox potential (67, 62); (b) The concomitant attenua- 
tion of 330 nm absorption associated with reduction of the two-electron acceptor 
(62); (c) all Cu in fungal laccase is in the Cu?* form (55). 

All these observations may be rationalized in terms of a pair of Cu2+ ions 
situated in very close proximity. The lack of paramagnetism would result from 
a strong antiferromagnetic coupling between the two unpaired electrons associated 
with each Cu®*. The high redox potential is rationally associated with Cu, and 
the 330 nm absorption can be assumed to be a ligand to metal charge transfer 
transition. This hypothesis is strongly supported by the above listed observations. 
The possibility that a strained disulfide linkage may also account for these 
properties has been rejected (67) on the grounds that, while such a structural unit 
may have absorption in the near UV region (70), it is unlikely that a sufficiently 
high redox potential could be achieved (77). The suggestion of Byers et al. (72) 
that the Type 3 Cu consists of a cuprous pair strongly associated with a disulfide 
bond which breaks on two electron reduction seems excluded by the recent work 
of Briving and Deinum (55). 

The fact that no unusual EPR spectra are observed during titration with 
reductants or in rapid freeze quench experiments (67) suggests that the singly 
reduced 28 center does not accumulate to a significant degree and must be quite 
unstable with respect to both the fully reduced and fully oxidized species. This 
does not mean that the 1é reduced site could not form to a small extent, for example, 
during catalysis. 

Results Suggesting Protein Mediated Cu-Cu Interactions. Two types of Cu-Cu 
interactions must be clearly distinguished (a) magnetic interactions, for examples, 
dipole and exchange interactions between the unpaired spins on different Cu2+, the 
latter must be mediated by intervening ligand atoms, and (b) protein mediated 
CuCu interaction in which a perturbation at one Cu-site influences the properties 
of another. 

Magnetic Interactions. There will be a dipolar interaction between the two 
paramagnetic Lui", the energy of which will be proportional to 1/(separation 
distance)’. However, the fact that the EPR linewidth of the type 2 Cu2+ is es- 
sentially the same when Type 1 is oxidized or reduced indicating a rather small 
dipolar interaction and suggesting that the two ions must be separated by at 
least 8-10 A in the oxidized protein. 
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A body of evidence has accumulated which suggests that two Cu2t ions exist 
as a binuclear cluster in which a strong antiferromagnetic exchange coupling 
occurs. These ions, Type 3, must be separated by less than 5—6 A and are prob- 
ably bridged by electronegative liganding atoms which can mediate the electro- 
static exchange interaction (73). 

Thus, while these observations have yielded some very rough ideas about the 
distances between Type 1 and Type 2 and between the EPR non-detectable Cu 
ions there is no information available concerning the disposition of the Type 3 
pair to the other two Cu. 

Non-magnetic Interactions. Although CD measurements suggest that the lac- 
case molecule does not undergo a large conformational alternation on either com- 
plete reduction or coordination of anions to Type 2 Cu?* (74), a number of obser- 
vations suggest that non-magnetic interactions occur which are mediated by the 
protein. Protein mediated Cu-Cu interaction is evident in the effect of binding a 
single F- to the Type 2 Cu?+ on the spectral properties of the other Cu?* centers, 
the effect of excess fluoride on the redox potential of the two-electron acceptor, 
and on the rate of reduction of the two-electron acceptor in the presence of sub- 
strates. 

Brandén et al. (69) assert that F- binding to Type 2 Cu?*, as measured by 
spectral changes at 320, 380, and 600 nm and by an F-specific electrode, requires 
approximately one hour to achieve complete binding. The rate limiting step in 
F- binding involves a conformational change of the enzyme prior to F~ binding 
which has a rate constant of 9- 10-4 sec ~! (¢1;2=13 min). While the reaction 
rate seems to be inconsistent with the experiments of Malkin et al. (65), the ki- 
netics require that F- binds to Type 2 Cu?+ in the following reaction sequence: 


? kg / 
EEr- EF 


where kı is rate limiting and E F has altered spectral properties. 

The spectral changes in the region of 600 nm must be associated with the 
Type 1 Cu2+, but Branden et al. (69) question whether the decrease in 600 nm 
absorption is due to a perturbation of this ion or only a partial reduction by endo- 
genous substrate (72). However, the decrease in 380 nm and increased 320 nm 
absorbance are interpreted as a perturbation of the Type 3 Cu chromophore. 
Regardless of the interpretation of certain spectral changes F- binding to Type 2 
Cu2+ clearly influences the individual chromophores of laccase. 

Very strong support for protein mediated Cu-Cu interactions comes from 
observations concerning the effect of F- binding on the redox behavior of the 
Type 1 ion and the two-electron acceptor. During the reductive titration of lac- 
case in the absence of F- the 330 nm and 610 nm bleaching occurred simultane- 
ously, indicating the several electron accepting sites to have similar redox potent- 
ials (67). However, in the presence of excess F- the Type 1 ion was completely 
reduced before any attenuation of 330 nm absorption (62). Reinhammer (64) later 
determined the redox potential of the Type 3 center in native and F- treated 
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enzyme to be 0.78V and 0.57V, respectively. These results suggest that the Type 3 
center is sensitive to the state of ligation of the Type 2 Cu2+. As might be expect- 
ed, F- bound to Type 2 Cu?* also has effects on the catalytic properties of the 
enzyme (see below). 

A further example of apparent protein mediated interaction between the Cu 
binding sites involves the autoreduction of the enzyme at high pH. Above approx- 
imately pH 5 laccase undergoes a reversible bleaching of its blue color. This 
transition is adequately described by the ionization of a single conjugate acid 
having a pKapp of approximately 7.4 (75). Concomitant with the loss of blue 
color there is a reduction of the Type 1 Cu?t ion while the Type 2 and diamagnetic 
centers apparently are unchanged. This was indicated by the fact that only 2é 
can be accepted by the protein at high pH, and the difference spectrum, laccase 
at pH 5 minus laccase at pH 7.8 showed absorbance differences in the region of 
the 610 nm band but not in the 330 nm region (72). Finally, the EPR spectrum 
at high pH closely resembled that arising from Type 2 Cu?*+ (72, 75). 

The nature of the reductant is not known although enzyme preparations must 
contain a considerable excess of an endogenous source of electrons (72). In fact, 
in the presence of oxygen the enzyme is slowly but continually oxidizing this 
substance, presumably by the usual oxidative mechanism which is known to 
involve reduction of Type 1 Cu?* (72). Thus, the enzyme will be reduced to a 
degree determined by the relative rates of reduction and oxidation. Since these 
two processes depend on the concentrations of oxygen and reductant no struc- 
tural deductions can be made from the apparent pKa of the Type 1 reduction. 
The Type 1 10n could thus be reduced more rapidly or oxidized more slowly 
at high pH. The simplest interpretation of these results is that above pH 5.5 
the enzyme has a lower rate of reoxidizing Type 1 Cut and if, as has been sug- 
gested (76), reoxidation of Type 1 ion involves intramolecular transfer from Type 
1 Cut to the two-electron center, then this process may be slowed at high pH. 
Some support of this idea comes from the fact that Type 1 ion reduced at high 
pH is rapidly reoxidized under anaerobic conditions upon adjusting the solution 
to low pH (72). Presumably this represents electron transfer to another accepting 
site in the molecule. 

2. Rhus vernicifera Laccase. The physical and chemical properties of 
Rhus laccase and fungal laccase may be compared in Table 2. It is clear that while 
there are differences in the gross physical properties such as molecular weight, 
carbohydrate content, and amino acid composition, nature has preserved a four- 
Cu complex capable of accepting four electrons (77—79) consisting of one Type 1 
Cut, and one Type 2 Cu2+, and the Type 3 pair. There are other minor differ- 
ences reflected in the comparable redox potentials, g values, and other detailed 
spectroscopic parameters but on the whole the state and function of Cu bound 
to Rhus laccase would seem to be identical with Polyporus laccase (cf. Fig. 3). 

The sulfhydryl chemistry of Rhus laccase differs slightly from that of fungal 
laccase but has considerable bearing on all investigations concerned with the 
ligand environment of the Type 1 Cu?*. Briving and Deinum (55) have shown 
that native Rhus laccase has a single freely reactive SH group. When this residue 
is combined with a mercurial the native properties of the enzyme are unchanged, 
and when denatured under anaerobic conditions in the presence of excess EDTA, 
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the protein demonstrates only one SH group and 2 disulfide entities. Therefore, 
the Type 1 Cu2+ does not appear to gain any of its unusual properties by close 
association with the cysteine sulfhydryl group. 

There are two notable differences between these proteins: (a) Rhus laccase 
but not the fungal enzyme can be readily reconstituted from an apoprotein and 
Cu(I) (87—84). This process has not been studied in detail using physical methods 
to examine the Cu binding during the reconstitution process. (b) Makino and 
Ogura (63) have observed that hydrogen peroxide will oxidize only the Type 3 
Cu of fully reduced enzyme and not the Type 1 Cut. In contrast hydrogen peroxide 
can remove electrons from all the Cu centers of the reduced fungal enzyme (J. A. 
Fee and B. G. Malmström, unpublished observations), but the rate of reoxidation 
of the Type 1 Cut is approximately 105 times slower than that observed with 
molecular oxygen [Ref. (94) and I. Pecht, unpublished observations]. 


B. The Mechanism of Laccases 


The stoichiometry of the laccase catalyzed reaction (77, 42, 80) has long been 
established as: 


2 Aa + Og —— 2A + Ze, 


With the exception of a study carried out with a partially characterized multi- 
copper oxidase isolated from tea leaves (85), there has been very little detailed 
work concerned with the steady state kinetic behavior of laccases. Early work on 
the transient kinetics indicated, however, that: (1) enzyme bound Cu2+ was re- 
duced by substrate and reoxidized by Oz, and (2) substrate was oxidized in one- 
electron steps to give an intermediate free radical in the case of the two electron 
donating substrates such as quinol and ascorbic acid. The evidence obtained 
suggested that free radicals decayed via a non-enzymatic disproportionation re- 
action rather than by a further reduction of the enzyme (86—88). In the case of 
substrates such as ferrocyanide only one electron can be donated to the enzyme 
from each substrate molecule. It was clear then that the enzyme was acting to 
couple the one-electron oxidation of substrate to the four-electron reduction of 
oxygen via redox cycles involving Cu. 

There has been a good deal of discussion as to how this is achieved (67, 56, 
89, 76, 90, 91); two mechanistic extremes are: (1) The reduction of oxygen by 
discrete one electron steps with the enzyme serving to stabilize the intermediate 
species (superoxide, peroxide, and hydroxyl) formed during this process. (2) The 
simultaneous (or nearly so) reduction of oxygen by an event involving transfer 
of four electrons to molecular oxygen. In this case the enzyme would serve much 
as a capacitor, storing four electrons and subsequently discharging them to 
oxygen. 

The finding that the redox centers of fungal lacase have reduction potentials 
very near that of the O2/H20 couple [Table 2, (92)] raised an interesting question 
concerning the high rates of reoxidation of reduced enzyme by molecular oxygen. 
Taking a very simple approach to the energetics of the reoxidation process it 
can be reasonably demonstrated that substantial energetic barriers must be over- 
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come if either one-electron or two-electron schemes are operative. Any usefulness 
of the following arguments would extend to all the multicopper oxidases. 

Considering the information presented in Table 3 and disregarding for the 
moment effects of binding the putative radicals to the enzyme; it is clear that 
the only favorable steps in the reoxidation are the reduction of Og to Hais, the 
two-electron reduction of Haha to H20, and the four-electron reduction of Og 
to 2H20. The one-electron oxidation of Type 1 by Os is very unfavorable and 
would require unusual stabilization of the formed Oz. These data suggest that 
a multielectron transfer from a reduced form of laccase to oxygen could over- 
come these energetic barriers: (a) A two-electron reoxidation of the enzyme by 
the OalD as couple is unfavorable but this barrier could be overcome by mod- 
erately strong binding of Has to the enzyme and two-electron reoxidation by 
the H202/H20 couple is very favorable, there being no necessity to stabilize any 
intermediates. (b) A one-electron mechanism is unfavorable to the level of -OH 
and strongly favorable from OH to H20. A general conclusion which can be 
made from these considerations is that either four electrons are simultaneously 
transferred to oxygen or the intermediate reduction products of oxygen are quite 
strongly stabilized by binding to the enzyme. Pecht (93) has shown that pools of 
isotopically distinguishable H203 and Og remain unmixed by the action of the 
enzyme. Thus, if H202 is formed during the enzymatic action it is not released 
from the enzyme prior to being reduced to H30. A further general conclusion 
which can be made is that these enzymes must have a unique oxygen binding 
site capable of efficiently orchestrating the reduction of oxygen. It is reasonable 
to associate the Type 3 Cu centers with this site. 


Table 3. Reduction potentials and free energies of possible reactions between the copper centers 
of polyporous laccase and some species of reduced oxygen 





Reaction AF°l AG°l 

(Volt) 4) (Keal/mole) 
Oz + Type 1 Cut —— O; + Type 1 Cu?+ — 1.36 31.0 
O2 + 2 Type 3 Cut + 2H+ —— H202 + 2 Type 3 Cu?+ = 03 13.8 
Oz + Type 1 Cut + 2H+ =—~ H202 + Type 1 Cu?+ 0.21 — 48 
Haat H+ + Type 1 Cut — -OH + H20 + Type 1 Cu2+ — 0.39 9.0 
Has + 2H+ + 2 Type 3 Cut — 2H20 + 2 Type 3 Cu% 1.56 — 35.9 


a) The reduction potentials for the Cu sites were taken from Table 2 and the reduction poten- 
tials for the oxygen species from Ref. (92). 


In view of the energetic considerations a good deal of effort has been expended 
in determining the rates of reduction and oxidation of the Type 1 Cu center and 
the diamagnetic CuCu pair. The relevant observations for the two laccases are 
recounted below. 

1. Polyporus versicolor Laccase. Under all studied conditions the Type 1 
Cu®+ is rapidly reduced by substrates. With ferrocyanide the reaction follows a 
second-order law during the initial phase when substrate concentration is below 
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Km, but it is too fast to observe at higher concentrations. The Type 1 center 
has been considered for some time as the initial point at which electrons from 
substrate enter the laccase molecule (94, 95). In the absence of oxygen, the re- 
duction of the Type 3 Cu-pair is unimolecular at high substrate concentration and 
is very slow (k = 1—2 sech, Type 3 reduction is also independent of the nature 
and concentration of substrate and of enzyme (62, 90, 95). It has been proposed 
that this slow reduction results from an internal oxidation of Type 1 Cu?+ by 
Type 3 Cu (90, 95). Fluoride ion strongly inhibits the reduction of Type 3 Cu 
(k ==0.008 sec (95), but does not change the qualitative behavior of the re- 
action. The important fact is that whether fluoride is present or absent the 
reduction as observed by transient kinetics occurs much too slowly to be a viable 
step in the catalytic action (62, 90, 94). 

The levels of reduction of the Type 1 and Type 3 Cu ions have been measured 
in the steady state (62). Under conditions where oxygen is not limiting the Type 
3 pair, as measured by the 330 nm absorption, remains fully oxidized while the 
Type 1 ion is reduced to a degree dependent on the nature and concentration of 
substrate. The approach to steady state conditions have also been studied by 
observing both reduction of Type 1 ion and product formation (94). Here the 
Type 1 ion is reduced beyond the steady state level depending on substrate con- 
centration (cf. Fig. 5). Product formation, as observed with ferricyanide, follows 
a second order law during the very early stages of reaction, and before entering 
the zero-order condition there is a brief period in which product formation is 
slower than that in the steady state. This is particularly evident in Figs. 4 and 5 
of Ref. (94) where the S/E ratios were 15 and 12, respectively. This lag cannot 
be due to a negative contribution of absorbance due to reduction of Type 3 Cu 
since oxygen was not limiting in these experiments thus no reduction of the Type 
3 ions would be expected to occur (62). 

The approach to steady state from enzyme reduced by an excess of quinol 
has also been reported, however, only the Type 1 ion was observed (94). In this 
experiment there was an overshoot in the reoxidation of Type 1 ion which was 
followed by a reduction to the steady state level as long as the initial concentra- 
tion of oxygen was greater than the excess concentration of quinol. 

Thus, two situations have been recorded in which the enzyme system, upon 
approaching the steady state, appears to exceed that condition with subsequent 
“relaxation” to the steady state: (a) reduction by excess substrate in the pres- 
ence of oxygen, and (b) reoxidation by Og in the presence of excess substrate. 
This behavior must account for the small lag in product formation mentioned 
above, and these observations are consistent with a scheme in which the protein 
assumes a conformation during the steady state that is different from both the 
fully oxidized and reduced conformations. It must be kept in mind that the 
individual rates of reduction and oxidation of the various redox sites within the 
enzyme might differ among the steady-state and ground- or end-state conforma- 
tions (76). 

The reoxidation of fully reduced enzyme by Og has been shown to be rapid 
(94) but with partially reduced enzyme reoxidation is considerably slowed and an 
intermediate component is formed which absorbs at 420 nm (96). The interme- 
diate substance is thought to be a complex of Type 2 Cu2+ and H20% since similar 
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A(Absorbance) at 420 mL 





~A(Absorbance) at 610m 


Time (msec) 


Fig. 5. Time course of the approach to the steady state in the system: laccase, ferrocyanide, 
and oxygen at pH 5.4. The reduction in laccase (bottom frame) and ferricyanide formation 
(upper frame). The concentration of laccase was 8.3 uM, the concentration of ferrocyanide 
was 2.5, 5.0, 12.5, 25, 125, 500 and 1000 uM and the concentration of oxygen was 275 uM. 
Note that with the higher concentrations of ferrocyanide Type I Cu?t is initially reduced 
beyond the steady state level and significant reoxidation occurs during the steady state. 
Also note the distinct lag in product formation subsequent to the initial burst and prior to 
the zero-order condition. This is most evident in the traces corresponding to 25 and 50 uM 
ferrocyanide. [Taken from Malmström, Finazzi-Agro, and Antonino; Ref. (94)] 


spectral changes can be induced in the native enzyme by adding H2Oz2 (68). The 
spectral changes which occurred in the latter experiment are inhibited by F7, 
presumably by competition for Type 2 Cu2t. The relatively slow reoxidation to 
the fully oxidized form appears to be due to the limiting decomposition of the 
Cu2+—H 202 complex. 

It was noted earlier that H203 does not bind very strongly to the fully oxi- 
dized protein (68). Clearly, Haas formed during the course of oxidative 
activity it must be bound much more strongly than to oxidized protein. Of course, 
this is possible and one example of the dependence of affinity on the valence 
state of the various redox centers concerns the binding of bk: During the initial 
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phase of the catalytic reaction one Meg of F- effects substantial inhibition but 
as catalysis proceeds this is overcome (69). Apparently an intermediate form of 
the enzyme accumulates which has a reduced affinity for E: Such behavior is 
consistent with the concept that the behavior of the system is strongly influenced 
by protein mediated Cu-Cu interactions. 

2. Rhus vernicifera Laccase. Holwerda and Gray (97) have recently 
published an extensive study on the mechanism of reduction of Rhus laccase by 
hydroquinone. This work holds many implications for the direction of research 
in multicopper oxidases as it showed: (1) that there are significant differences 
between the kinetic behavior of Rhus and Polyporus laccases; (2) that the indi- 
vidual rate constants may be strongly dependent on ionic strength, temperature, 
and pH; and (3) that the general pattern of reactivity of these systems may be 
extremely sensitive to different combinations of environmental conditions. Spe- 
cifically, their major findings are: (a) In contrast to fungal laccase, both Type 1 
and Type 3 centers are reduced by second order processes apparently involving 
HỌ- (the hydroquinone anion) as the specific reductant. (b) Fluoride ion, assumed 
to be bound to Type 2 Cu?+ (98), inhibits the reduction of both Type 1 and Type 3 
centers while with Polyporus laccase F- binding affects only the rate of reduction 
of Type 3 Cu (95). (c) In the presence of azide, Type 1 Cu?+ is reduced in a slow, 
substrate independent, process while the attenuation of the 405 nm band (due 
to Ng >Cu?* charge transfer transition) was reduced even more slowly by a 
process which showed an extraordinary first order dependence on azide con- 
centration. 

Holwerda and Gray (97) proposed a mechanism for the reduction process in- 
volving a central role of Type 2 Cu?+ as the initial point at which electrons enter 
and are subsequently distributed to the other electron acceptors. This interpreta- 
tion would seem to be supported by the very recent observation of Brandén and 
Reinhammar (98) that the Type 2 ion of Polyporus laccase is reduced and sub- 
sequently reoxidized in a very short time period. The authors also emphasize the 
parallel behavior of the Type 1 and Type 3 centers; it is particularly striking 
that under a variety of conditions the rates of Type 1 and 3 reductions are very 
similar. Indeed, when Cr2+ was used as the reductant, a similar observation was 
made (99). Perhaps Cr2+ reduces the enzyme via a bridging ligand (H20?) be- 
tween it and Type 2 Cu2*. 

It is obvious from the above discussion that the existing number of observa- 
tions is insufficient to allow the formulation of a general catalytic reaction scheme 
for these enzymes. In spite of the differences in the presteady state behavior of 
fungal and Rhus laccases, it seems unlikely that they utilize different catalytic 
mechanisms, and the two enzymes probably behave identically during steady 
state catalysis. Elucidation of the mechanism will thus require knowledge of 
their steady state structure and behavior. 


C. Ceruloplasmin 


In 1944 Holmberg (100) observed that a particular serum protein fraction which 
was bluish in color possessed oxidase activity toward paraphenylene diamine, 
paracresol, and catechol. The blue protein was subsequently purified by Holmberg 
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and Laurell (107, 102) and given the name ceruloplasmin. These workers made a 
number of fundamental observations on the physical and chemical properties of 
ceruloplasmin the significance of which have only recently been appreciated, and 
these will be recounted in the body of this discussion. 

The function of ceruloplasmin in the mammalian organism is presently un- 
known although there have been suggestions that it is required for the efficient 
incorporation of iron into transferrin (703), and that it is an essential component 
of copper mobilization (704—706). These have been the subject of considerable 
debate (707, 708 and references therein), and will not be of further concern here. 

Normal human serum actually contains two chromatographically distinct 
forms of ceruloplasmin. A calcium phosphate column cleanly separates major (I) 
and minor (II) components, the latter being approximately 15% of the total 
ceruloplasmin present in the serum (709-777). Ryden (112, 113) has shown that 
the two forms though identical in amino acid composition and Cu binding cap- 
acity, differ in the degree to which carbohydrate components have been affixed to 
the protein during biosynthesis. Most of the presently accepted physical properties 
of human ceruloplasmin are presented in Table 2. 

The protein has a molecular weight near 134,000 daltons, consists of a single 
polypeptide chain composed of about 1050 amino acid residues, and has 34—36 
associated carbohydrate residues. The complex nature of this molecule has re- 
sulted in a number of confusing results. Notably, with respect to the molecular 
weight, the number of protein subunits, and the number of Cu atoms bound per 
molecule of protein. 

There are several reports in the hterature demonstrating that ceruloplasmin 
is made up of multiple peptide chains (114—118, 226). Rydén (119) recognized 
that ceruloplasmin was extremely sensitive to proteolytic cleavage and broached 
the question of whether the “sub units” of ceruloplasmin may not arise from deg- 
radation by endogenous proteases. By introducing a general protease inhibitor, 
e-aminocaproic acid, at the beginning of the enzyme preparation he (720) was 
able to isolate electrophoretically pure ceruloplasmin from human, pig, rabbit, 
and horse (727) which consisted of a single polypeptide chain (722). Rydén’s 
conclusion has been questioned by Freeman and Daniel (226) who have claimed 
that longer times are required for dissociation in SDS and reducing agents than 
was realized by Rydén. While this factor may be important, it should be recognized 
that Freeman and Daniel carried out their experiments with a commercially 
prepared sample of human ceruloplasmin whose history was not delineated. This 
compromises the conclusions of these authors as Rydén has argued that the pro- 
tease inhibitor must be introduced at the start of the fractionation procedure, 
not at some later time. It is important to emphasize at the outset that the peptide 
bond cleavage experienced during the earlier preparative procedures leaves the 
physical properties of the bound Cu ions and the catalytic capability of the 
human enzyme (723) largely unaltered. However, previous results concerned 
with the quarternary structure of the enzyme would seem to be generally super- 
ceded by the work of Rydén. 

Ceruloplasmin appears to have an elongated shape as Kasper and Deutsch 
(724) report an axial ratio of 11 based on sedimentation and diffusion studies. 
Hibino and Samejima (125), on the basis of ultraviolet circular dichroism, and 
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infrared absorption measurements have suggested that porcine ceruloplasmin is 
composed primarily of $- and random coil types of tertiary structure. Since, the 
physical properties of the Cu2t ions are not altered by the limited proteolysis 
which occurs during isolation, it is probable that gross conformational alterations 
likewise do not occur and the above conclusions would appear appropriately valid 
for uncleaved enzyme. 

1. Chemistry of the Individual Amino Acids and Carbohydrate Residues. 
Sulfur containing amino acids. Ceruloplasmin contains 17—18 methionine residues 
and 14—15 half-cysteine residues (779, 724). Kasper and Deutsch (124) reported 
that ceruloplasmin has a single —SH group which is readily alkylated in 
both holo and apo- forms of the protein. 

Witwicki and Zakrzewski (126) have extended the observation, finding that 
1.00 +0.03 sulfhydryl per 150,000 daltons were available in 0.7 M Tris HCl for 
reaction with the sulfhydryl reagent, $-hydroxyethyl-2,4-dinitrophenyl disulfide. 
In the presence of 8 M urea they observed 3 reactive SH groups, and in the pre- 
sence of both urea and mM EDTA 3.6 SH groups were observed to react. The 
quantitative reactivity of the SH group in native protein was consistent in the 
presence of high concentrations (~0.7 M) Tris HCl while phosphate buffers 
produced an erratic behavior. Rydén (119) has related the data of Witwicki and 
Zakrzewski (126) to a lower molecular weight assumption obtaining 0.97 available 
SH in the native protein and 2.85 and 3.3 in the unfolded protein in the absence 
and presence, respectively of EDTA. All half-cysteine was thus accounted for 
as follows: 1 freely reacting SH, 3 buried SH, and 12 cysteine associated as 
disulfide linkages. By difference, the native ceruloplasmin molecule may contain 
six disulfide bridges. Witwicki and Zakrézewski (126) have also isolated the 
ceruloplasmin derivative in which the free SH group is blocked in a disulfide 
combination with --S—CH2CH2OH, and report that it has full enzymatic acti- 
vity and an unaltered visible optical spectrum. Apparently the free SH is in no 
way associated with the active sites of the enzyme. 

Very recently Briving and Deinum (55) have shown that ceruloplasmin pre- 
pared from fresh serum, in the presence of e-amino caproic acid, has no freely 
reacting sulfhydryl groups. These authors have confirmed that fully denatured 
ceruloplasmin expresses four SH groups with the remainder of cysteine sulfur 
existing as disulfide bridges. Solutions of ceruloplasmin which become slightly 
denatured (not inactivated) on standing express a single reactive SH group (33) 
which is not critical to the functioning of the native enzyme as was observed 
previously (726). 


N-terminal Amino Acid 


Kasper and Deutsch (124) report 0.9 residues of valine and 0.3 residues of lysine 
per molecular weight 160,000. Later Ryden (122), working with proteolytically 
unaltered protein observed only a single valine per 134,000 g protein. 


Carboxylic Amino Acid Residues 


Based on the similarity of the proton titration behavior of apo- and holo-cerulo- 
plasmin Kasper and Deutsch (124) concluded that carboxyl groups did not co- 
ordinate to the copper. 
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Tyrosine 


Kasper and Deutsch (124) have titrated the approximately 65 tyrosine residues 
spectrophotometrically. The titration between pH 9 and 12 was not reversible 
for either native or apo-ceruloplasmin but the magnitude of the spectral changes 
and the degree of hysteresis observed on back titration from pH 13 were substan- 
tially the same with native apo forms. No indication was obtained that tyrosine 
and residues were either involved in the binding of Cu or participated in any unique 
structural feature of the enzyme. 


Histidine 

Bannister and Wood (127) submitted ceruloplasmin to methylene blue mediated 
photo-oxidation, and were able to correlate loss of oxidase activity with the 
destruction of histidine residues and the loss of Cu from the enzyme. The one-to-one 
correspondence between histidine loss and oxidase activity led these authors to 
conclude that the active region of the molecule contains an essential histidine 
residue. Nylén and Pettersson (128) have criticized this conclusion because the 
non-specific nature of the photo-oxidation [cf. Ref. (728) | was not taken into 
account. The latter authors found that diethylpyrocarbonate reacted specifically 
with the histidine residues at pH 6. Approximately 47 histidine residues reacted 
in 6 M urea, agreeing quite well with the 43 histidine residues detected by amino 
acid analysis (724). When approximately 50% of the total histidines had been 
carbethoxylated in the native oxidized form, no spectral perturbation of the 
enzyme had occurred. However, beyond 10% carbethoxylation activity decreased 
linearly and extrapolated to zero at 100% reaction indicating that all imidazole 
groups must be modified for full loss of activity. Hydroxylamine could reactivate 
all but the most extensively carboxethylated samples. Integration of the EPR 
spectra of 50% carboxethylated samples showed no change in total intensity, 
and that the only change was a slight modification of the Type 2 EPR signal 
(see below) which could be correlated with loss of activity. The authors conclude 
that while all histidines must be reacted for loss of activity not all histidine 
residues contribute to the activity, and clearly modification of these residues does 
not modify the Cu binding sites. 


Carbohydrate Residues 


Jameson (129) demonstrated that each molecule of ceruloplasmin possesses 9 to 10 
carbohydrate chains consisting of sialic acid, galactose, mannose, fucose, and 
N-acetyl glucosamine, and he has also shown that sialic acid could be removed 
from these glycopeptides by neuraminidase. |Ryden (779) reports 12.1 residues of 
galactose per molecule of ceruloplasmin.] This derivative has been used to explore 
the physiological behavior of ceruloplasmin (737, 732). Morell et al. (130) have 
successfully removed all sialic acid from native ceruloplasmin by incubation 
with neuraminidase for a period of approximately 4 days. Asialoceruloplasmin 
was shown to have physical properties substantially identical with native protein 
and to have lost no Cu during the treatment with neuraminidase. 

Sialic acid is attached to galactose in a preponderance of glycoproteins and 
ceruloplasmin does not differ in this respect. Removal of the sialic acid exposes a 
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galactose residue, and Morell et al. (130) demonstrated that the terminal galactose 
residues of asialoceruloplasmin could be oxidized by galactose oxidase and 
subsequently reduced with tritium labelled sodium borohydride. Approximately 
four of the 9—10 galactose residues were titrated in this fashion. 

2. Molecular Weight and Copper Content. Since its initial characterization 
by Holmberg and Laurel, ceruloplasmin was thought to have a molecular 
weight of 150,000—160,000, and all early measurements of protein and copper 
were related to this value, However, in 1969 Magaof-Fairchild et al. (133) carefully 
assessed the molecular weight of human ceruloplasmin in single crystals to be 
132,000 + 4,100 from a crystallographic measurement of the unit cell volume, the 
density of the crystals, and careful determination of the partial specific volume 
of the protein (734). Later, Rydén (122) reported a molecular weight of 134,000 
and Freeman and Daniel (226) one of 124,000 both being based on sedimentation- 
equilibrium studies, and in addition, the amino acid and carbohydrate composition 
suggest a molecular weight near 130,000 (779). These studies appear to establish 
the molecular weight of ceruloplasmin to be near 124,000—134,000. Morell et al. 
(734) have carefully determined the Cu content and dry weight of the protein 
finding a value of 0.275+0.009%, w/w Cu which for a molecular weight of 
132,000 + 4,100 corresponds to 5.73+-0.36 Cu per mole ceruloplasmin. This 
number is reasonably rounded to 6 Cu per mole protein. 

However, the presence of 6 Cu atoms requires that the magnetic properties 
of Cu bound to ceruloplasmin be rationalized in a presently unacceptable manner. 
The essence of this dilemma is that while all Cu bound to ceruloplasmin is formally 
Cu2+ (55) only 44% of this Cu is paramagnetic (58, 735). This would correspond 
to 2.6 Cu2+ and 3.4 non-paramagnetic Cu atoms, numbers which deviate too 
greatly from the integer values required by the magnetic properties. 

Earlier studies by Holmberg and Laurell (107), by Deutsch and co-workers 
(736, 137), and Nakagawa (138) on the Cu content of ceruloplasmin indicated 
~0.32% Cu which, based on a molecular weight of 132,000 indicates the presence 
of 6.65 Cu which reasonably rounds to 7 Cu per protein molecule. 44% of this 
corresponds to three paramagnetic Cu?+ and four non-paramagnetic Cu. While 
this result is more satisfying from the point of view of the paramagnetic measure- 
ments, the discrepancy in the analytical results cannot be lightly dismissed. It is 
not clear from the literature whether the different Cu contents of the various 
preparations result from the different analytical procedures used or perhaps 
even to regional differences in the Cu content of ceruloplasmin fractions. A sum- 
mary of various analytical determinations is given in Table 4. 

We turn now to the physical properties of the Cu bound to ceruloplasmin. 
The EPR and visible optical spectra suggest considerable similarity between the 
Cu of ceruloplasmin and that of laccases. Thus, as first reported by Holmberg and 
Laurell (107) the optical spectrum is characterized by absorption bands at 610 nm 
and 330 nm. The EPR spectrum shows the presence of both Type 1 and Type 2 
Cu2+ ions and a significant fraction of the Cu atoms are EPR-nondectable, 56% 
as compared to 50% in laccase (58, 735). Thus, there appear to be only three 
general types of Cu binding sites in ceruloplasmin, and the number of each type 
of Cu has recently been determined with considerable certainty. 
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Table 4. Molecular weight and copper determinations of ceruloplasmin 


Molecular Method of Purity GE g-atom Cu Ref, Year 


weight determination Assol Cu/gN Cu 132,000 
A610 
151,000 S,D 0.32 6.66 (707) 1948 
24.0 0.0207 0.31— 6.48) (795) 1958 
0.32 
21.5 0.34 7.06 (736) 1960 
22.7 0.0197- 6.14-6.332) (799) 1960 
0.0203 
160,000 S,D 21.9 0.0216 0.31- 6.45-6.66 (137, 1962 
0.32 124) 
160,000 S,D 22 0.0216 0.32 6.66 (124) 1963 
148,000 S,D 31.4 0.0210 0.34 7.1 (776) 1966 
155,000 (Archibald) 
143,000 GD 24.4 0.30 6.2 {775} 1966 
21.9 0.276 5.72 (730) 1966 
0.27- 5.6-6.0 (200) 1967 
0.288 
132,000 Crystallography 21.7 0.01834) 0.275 5.734036 (733, 1969 
734) 
160,000 Light scattering 0.31 6.4 (738) 1972 
134,000 Sed. equil. 22:2 (722) 1972 
124,000 Sed equil. 22.0 (226) 1973 


a) Assuming 15%, nitrogen [cf. (724, 137)]. 


3. The State of Copper in Ceruloplasmin. The early room temperature 
magnetic susceptibility studies of Ehrenberg et al. (58) showed that only about 
40% of the Cu bound to ceruloplasmin was paramagnetic. Arsen et al. (135) have 
carefully measured the paramagnetic contribution to the magnetic susceptibility 
of ceruloplasmin over the temperature range 2—4.2 °K. In this temperature range 
Curie’s law is followed precisely, and the total susceptibility is exactly proportional 
up to a measuring field strength of 18 kgauss. These authors find that only 44 +2% 
of the total Cu is paramagnetic, e, exists as magnetically dilute Cu2+. Both the 
low temperature and high temperature magnetic susceptibility results are in 
essential agreement that approximately 40% of the Cu is paramagnetic, and this 
result is consistent with values obtained by integration of the EPR spectrum of 
ceruloplasmin which indicated 43—48% Cu detectable as Cu?+ in the earliest 
study (57) and 43% in a more recent work (723). Unless all ceruloplasmin prepara- 
tions possess a yet undetected heterogeneity in the occupation of the Cu binding 
sites the magnetic susceptibility and EPR integrations obviate the presence of 
an even integral number of Cu2+ ions bound to each protein molecule. Thus, both 
6 and 8 atom Cu per mole protein would seem to be unlikely possibilities. 
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There are conflicting reports in the literature on the ratio of the number of 
Type 1 to Type 2 Cu2+. These are based on deductions from EPR integrations 
and spectral simulations and from chemical studies. Vänngärd, (60) who pointed 
out the possible importance of the Type 2 Cu?* in the multicopper oxidases and 
described a computational procedure for estimating its quantitative presence, 
reported that the fractional contribution of this distinct Cu2+ ion varied with 
the history of the preparation. Thus in crystallized samples prepared by the 
method of Deutsch et al. (137) having integrated EPR intensity corresponding 
to 39% of the total Cu2+ the Type 2 signal corresponded to 34% of the total 
EPR signal (13.3% of total copper). With ceruloplasmin freshly prepared from 
serum the latter percentage was 25%, and with protein from Cohn fractions the 
intensity of the Type 2 signal was roughly equal to that of the Type 1 signal. 
Andreasson and Vänngärd (139), working with commercial samples of cerulo- 
plasmin found a ratio of one Type 2 to Type 1 Cu?+ were present in ceruloplasmin. 
Veldsema and Van Gelder (140) suggested on the basis of anaerobic reductive 
titrations that the ratio of Type 2 to Type 1 Cu?* was 3 but recognized that a 
lower value was also possible. 

Cognizant of the considerable difficulties associated with sample history, 
Deinum and Vänngärd (123) reinvestigated the problem using a variety of cerulo- 
plasmin samples including those prepared from fresh serum in the presence of 
e-aminocaproic acid to avoid proteolytic modifications (720). The EPR detectable 
Cu2+, corresponded to 43% of the total Cu in their preparations. The total EPR 
signal was comprised of 33% of Type 2 Cu®* and 67% Type 1 Cu®*. Thus, the 
best preparations of ceruloplasmin appear to contain Type 1 and Type 2 Cu?* in 
a ratio of 2:1. In this definitive work it was also shown that there are two different 
Type 1 ions having different optical extinctions and redox potentials. Gunnarsson 
et al. (147) have confirmed that the ratio of Type 1 to Type 2 Cu?* is 2 and have 
suggested that one of the Type 1 centers in human ceruloplasmin has a slightly 
larger hyperfine coupling constant (Arr) than the other, and that the apparent 
Ar values of one center changes slightly between pH 7 and 5.5 (cf. Fig. 6). 

The original suggestion (67) that the diamagnetic Cu of multicopper oxidases 
consists of strongly antiferromagnetically coupled pairs of Cu?* ions has received 
definitive proof in the case of ceruloplasmin. Thus Van Leeuwen et al. (142) have 
shown that when nitric oxide reacts with fully reduced ceruloplasmin an EPR 
signal is obtained which clearly arises from an S=1 spin system and which 
exhibits a full compliment of [2 x 2 x 3/2 +1=] seven hyperfine lines showing 
that two Cu2+ ions are in very close proximity in this form of the protein. By 
analogy with lacasses, the oxidized form of the diamagnetic Cu of ceruloplasmin 
may be confidently associated with the 330 nm absorption band first discovered 
by Holmberg and Laurell (107). 


Accessibility of Copper to External Perturbants 


Since it is well known that at least part of the Cu of ceruloplasmin undergoes 
cyclic reduction by substrate and oxidation by molecular oxygen (88), the availa- 
bility of the various Cu binding sites to small solute molecules is of importance. 
One of the first observations which suggested that at least part of the Cu was 
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Relative intensity —= 





2600 2800 3000 3200 3400 
Magnetic field (G) 


Fig. 6. Experimental (4) and computed (B) EPR spectra of human ceruloplasmin. The 
spectrum consisted of two Type I and one Type 2 ions. The simulated spectrum is the sum 
of three components using the following parameters. For the single Type 2 Cu?t g, = 2.247, 
g, =2.06, A,=180 gauss, 4, =25 gauss; for one Type 1 ion, gy =2.215, g, = 10 gauss, 
A, =92 gauss, A, = 10 gauss; for the other Type 1 component g = 2.206, g, =2.05, A | = 72 
gauss, and 4, = 10 gauss. Gaussian linewidths (gauss) assumed were 70, 42, and 32 respect- 
ively. [Taken from Gunnarsson, Nylen, and Pettersson; Ref. (147)] 


available to external ligands was the observation by Holmberg (100) that 1 mM 
KCN inhibited the oxidase activity toward paraphenylenediamine. The relation- 
ship between paramagnetic Cu2+ and solvent water molecules has been investigated 
by Koenig and Brown (20) who observed that protein bound Cu2* had only a very 
small influence on the Tı of solvent protons. From an analysis of relaxivity 
changes over the Larmor frequency range 0.01 to 50 MHz, it was concluded that a 
water molecule is bound between 3 and 7 A from at least one Cu2+ center which 
in turn must be buried approximately 10 A below the protein surface, and the 
residence time of the H20 molecule at its binding site was estimated to be — 10-5 
sec. Blumberg et al. (143) in 1963 studied the relaxivity at 60 MHz as a function 
of the degree of bleaching of the blue color and found that plots of relaxivity vs. 
normalized absorption at 610 nm were sharply biphasic. These results, which 
are not readily rationalized in terms of simple contributions to the relaxivity 
from different yet independent Cu?* ions of ceruloplasmin are widely quoted as 
indicating that the Cu?* ions are physically different; they would further imply 
that the reduction of bound Cuir occurs in stages rather than in an all-or-none 
process. 

Andréasson and Vänngärd (179) have presented convincing evidence that 
azide ion binds to Type 2 Cu®t, and they have suggested that this effects inhibition 
of oxidase activity. Results concerned with the relation between ion binding and 
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inhibition will be reviewed below in conjunction with those dealing with the 
oxidase activity of ceruloplasmin. 

A number of studies have dealt with the binding of anions to ceruloplasmin. 
Kasper (144) demonstrated that azide, cyanide, thiocyanate, and cyanate at 
fairly high concentrations produced spectral alterations of ceruloplasmin by 
liganding a portion of the Cu. He also found that approximately 12%, of the 
total Cu could be removed irreversibly by 0.1 M KCN with only a 50% loss in 
oxidase activity. Byers et al. (72) have carried out an extensive study of the binding 
of several anions to the oxidized form of ceruloplasmin. Their results suggest the 
presence of two binding sites for azide and thiocyanate, wıth the stability constant 
of the second being approximately 100-fold less than the first. The authors have 
interpreted their data in terms of anation of the Type 3 Cu atoms for all anions 
except F- which binds to the Type 2 Cu®*. 

By analogy with the behavior of Type 1 Cu?+ in the simpler blue proteins 
and considering the results of the proton relaxation studies it might be supposed 
that the Type 1 Cu?+ ions of ceruloplasmin would be unable to coordinate extern- 
ally added ligands. However, Wever et al. (145) have reported that nitric oxide 
reversibly bleaches the blue color of the oxidized form of protein and they have 
proposed that nitric oxide combines with all Type I Cu?+ to form a diamagnetic 
Cut --- NO+ charge transfer complex. The remaining EPR signal has parameters 
similar to Type 2 Cu? and its intensity is 25—26% of the original signal. These 
experiments suggest that NO- may coordinate directly to Type 1 Cu since NOt, 
necessarily formed upon reduction of the Cu2+, is known to be a very reactive 
nitrating agent, and the reversibility or the above reaction suggests that it is 
probably not released into solution. However, the possibility that the two Type 1 
Cu?* are reduced by NO- via an intramolecular route cannot be excluded. 

If all the assumptions which have been made in the interpretation of the 
above described perturbation experiments are correct, all Types of Cu are accessible 
to perturbants; this seems very unlikely. 


Removal of Copper and Reconstitution 


Holmberg and Laurell (102) demonstrated that copper could be removed from 
ceruloplasmin in an apparently irreversible manner. Morrell and Scheinberg (195) 
later demonstrated that when ascorbate reduced ceruloplasmin was treated with 
diethyldithiocarbamate, copper was removed with concomitant formation of a 
colloidal suspension of Cut-diethyldithiocarbamate which could be removed by 
high speed centrifugation leaving a clear but slightly yellow supernatant solution. 
Appropriate treatment of this solution with an ion exchange column yielded 
a water-clear solution containing a large portion of the original protein. Cerulo- 
plasmin could be reconstituted in 95% yield by added Cu?+ and ascorbic acid. 
In this study only optical properties and the oxidase activity were used as measures 
of reconstitution. Aisen and Morrell (196) showed that reconstitution was an 
all-or-none process. Thus, if less than a full complement of Cu?*/ascorbate was 
present only fully regenerated ceruloplasmin and apoprotein were found to be 
present. This can only occur if the binding of copper to apoprotein is cooperative. 
Indeed, there must be a rather strong stabilizing interaction between the several 
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Cu-binding sites, and this serves as one of the better examples of protein mediated 
Cu-Cu interaction in the multicopper oxidases. These authors also established 
that the EPR and immunochemical properties of reconstituted a ca 
were identical with those of native oxidized protein. 

Morrell et al. (197) have shown that reconstitution to oxidized protein can 
be effected anaerobically in the presence of Cu®* and cysteine. Maximal blue 
color was developed, relative to an aerobic control, when sufficient cysteine was 
present to reduce approximately 63% of the Cu?* initially present. Under these 
conditions, introduction of oxygen led to only a small increase in blue color. 
The authors did not indicate whether the added cysteine was in fact oxidized in 
these experiments, and it is possible that cysteine serves to facilitate the incorpo- 
ration of Cu®+ rather than simply reducing it to Cut. These experiments showed 
that the blue color was not dependent on the presence of molecular oxygen. 

4. Oxidation - Reduction Properties. How many electron acceptors in ce- 
ruloplasmin? Early results relevant to this question suggested that a number of 
reducing equivalent corresponding to half the total Cu present was adequate to 
completely decolorize.ceruloplasmin solutions (743, 746, 747). Recently, however, 
conflicting results have been reported on this point, Carrico et al. (720) and Deinum 
and Vänngärd (123) have published results showing that the capacity of the protein 
to bind electrons is 1/Cu. The rather high redox potentials (723) of these acceptors 
suggest an analogy with the laccases, and the electron accepting sites may be 
reasonably associated with Cu2+ ions. In contrast Veldsema and Van Gelder (140) 
report results indicating that four electrons can be bound by each molecule of 
ceruloplasmin. This would nominally correspond to 0.5 e~/Cu as these authors 
have assumed 8 Cu/molecule. 

Some clues to the basis of these discrepancies are found in the conditions used 
by the different workers. Carrico et al. (120) carried out most titrations in acetate 
buffers of pH 6.0 having an ionic strength of 0.05. Under these conditions cerulo- 
plasmin accepted 1 e~/Cu. In 0.1 M NaCl and 0.5 M sodium phosphate at pH 7.4 
only 0.5 e”/Cu were accepted. [These conditions were apparently the same used 
by P. Aisen in unpublished experiments, cf. Personal Communication referred 
to in Ref. (720)]. Thus, it appears that high concentrations of phosphate affect 
the electron accepting capacity of the protein. However, the situation may be 
more complex as Veldsema and Van Gelder (140) titrated the enzyme at two 
pH values, 5.2 and 7.0, in the presence of 0.3 M sodium acetate finding 0.5 e—/Cu 
while Deinum and Vänngärd (123) find 1 e~/Cu under identical conditions. V eldsema 
and Van Gelder (740) also report that treatment of their ceruloplasmin preparations 
with 5 mM p-chloromercuribenzene sulfonate results in a modification such that 
an electron binding capacity of 1/Cu is observed. Perhaps the point on which the 
dilemma hinges is the variable rate at which electrons are accepted by the molecule 
depending on its environment and history. The time required to bind one electron 
per Cu varies from 15 min to 10 hours (720. 723), While all the results cannot be 
clearly rationalized on the basis of the published observations and conditions, 
the variability of reactivity toward reducing agents in the presence of phosphate 
and acetate buffers the former of which is a known inhibitor of the oxidase activity 
(748) and the modification of the electron binding capacity by mercurials are 
quite similar to the observations of Witwicki and Zakrzewski (126) on the salt 
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dependent reactivity of the single sulfhydryl group available for reaction in all 
but freshly prepared samples of ceruloplasmin (55). Taken together the results 
suggest that the ceruloplasmin molecule is conformationally sensitive to its 
specific ionic environment such that its reactivity toward both mercurials and 
substrates is drastically modified. It is also quite possible that its sensitivity to 
ionic perturbations is strongly dependent on the degree of proteolysis which has 
occurred. The above considerations may be extended to suggest that the cerulo- 
plasmin molecule exists in at least two distinct interconvertible conformational 
isomers having different properties. For example, one form can accept one electron 
per Cu and the other can accept approximately half an electron per Cu atom. 


Redox Potentials of the Electron Accepting Sites in Ceruloplasmin 


The early observation of Holmberg and Laurel (107) that ferricyanide could not 
reoxidize ascorbate reduced ceruloplasmin was the first indication that the blue 
color center had a redox potential considerably greater than the ferri/ferrocyanide 
couple (~430 mV). This observation led Morell et al. (197) to determine that the 
blue color of ceruloplasmin did not require the presence of strongly bound molecular 
oxygen (cf. Section C3). Somewhat later it was shown that the redox potential of 
the blue color was between 500 and 600 mV (63). In an extensive study of this 
subject Deinum and Vänngärd (123) have examined the spectral properties of 
ceruloplasmin at equilibrium potentials ranging from 450 to ~610 mV. Based on 
an analysis of significant curvature in the Nernst plot, the authors concluded that 
there were two, nominally independent, Type 1 Cu?+ ions each having identical 
molar absorbance indexes at 610 nm but having redox potentials of 480 and 
590 mV. Thus, regardless of the uniqueness of this interpretation ceruloplasmin 
can be considered to have two strongly oxidizing one electron centers. 

Attempts to correlate changes in 330 nm absorbance with equilibrium redox 
potentials were uninformative (723). Nernst Plots yielded n-values ranging from 
0.5—1 relative to the Type 1 centers. Indeed, Desnum and Vänngärd (123) question 
whether the 330 nm band is a reliable indication of the redox state of the non- 
paramagnetic Cu atoms. This has also been pointed out by Veldsema and Van 
Gelder (140) who have suggested that absorbance changes at 330 nm, which can 
be maximal even when 0.5 e—/Cu have been taken up by the protein (720), are a 
reflection of a conformational change in the region of the diamagnetic Cu atoms. 

Since the 330 nm band is evident only in the oxidized minus reduced difference 
spectrum (707), and other chromophores, particularly disulfide bonds having a 
dihedral angle significantly different from 90° (70, 749, 150) may absorb in this 
region, it is reasonable to question whether Type 3 Cu? is responsible for all the 
absorption at 330 nm. It is possible that the absorbance changes observed in this 
region during electron titrations of the le”/Cu conformation of ceruloplasmin are 
due to both the reduction of the EPR-nondectable (Cu2+*), pairs and to changes 
in the disulfide bonds, while electron titration of the 0.5 e/Cu form, in which only 
the paramagnetic Cu?+ ions are reduced, could be due to conformational changes 
which affect both chromophores. 

5. Mechanism of the Oxidase Activity. Considerable work has been done to- 
ward elucidating the mechanism of action of ceruloplasmin’s oxidase activity. 
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There have been basically two approaches to the problem: the use of classical 
steady state kinetic analyses and the application of the various methodologies 
applicable to the brief transient phase as the enzyme-substrate mixture approaches 
the steady state or independently interacts with either a reductant or oxygen. 


Steady State Studies 


Two major experimental difficulties cloud the interpretation of the kinetic results. 
The first and least important of these is the effect of intermediary free radicals 
as substrates of the enzyme, and the second and most important is the role of 
iron salts in both the steady state kinetics of ceruloplasmin mediated oxidations 
of various substrates and on the rates of the individual reactions between substrates 
and enzyme. The latter is in contrast to Rhus laccase whose kinetic behavior is 
uninfluenced by free iron (97). 

Two of the most commonly used substrates of ceruloplasmin are paraphenylene- 
diamine (PPD) and N, N-dimethyl-paraphenylenediamine (DPD). DPD, which 
has been used most extensively, is oxidized in a one-electron process to DPDt 
which is intensely colored and allows ready observation of the course of the 
reaction. It has been well established that both substrates are initially oxidized to 
their respective radical cations. Broman et al. (88) studied the oxidation of PPD, 
observed free radical formation during catalysis, and identified this species as 
PPD+ by EPR techniques. Very convincing evidence was also presented that this 
free radical was neither bound to the enzyme nor acted as a substrate toward 
ceruloplasmin, but instead rapidly disproportionated to PPD and the quinoid 
form of PPD. 

Cp + PPD — Ch + PPD 
Cp + PPD+ > 
non-enzymatic 


2 PPD+ — PPD + PPDt+ 
(rapid) 


The same reaction scheme does not hold for DPD where the cation radical, 
DPD*, also serves as a substrate for ceruloplasmin. 


Cp + DPD+ —— Le + DPD*t (colorless). 


Clearly, if the latter reaction occurred to a significant extent complications 
would arise in the interpretation of kinetic results. Indeed, Lineweaver-Burk 
plots were found to be non-linear where DPD was used as substrate (151—154, 
and initially this was interpreted as evidence for the presence of two active sites 
for reducing substrate. Walaas et al. (157) provided good evidence that DPD+ 
could act as an effective electron donor to ceruloplasmin, but they did not recognize 
that this could lead to non-linear Lineweaver-Burk plots and maintained that 
there were two different sites. 

Pettersson and his co-workers (155—160) have derived a rate law for the cerulo- 
plasmin catalyzed oxidation of DPD on the basis of a model which involved only 
a single active site on the enzyme, assumed that the reaction, 2DPD+ — = DPD 
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+ DPD++ was always at equilibrium, and that DPD* could reduce ceruloplasmin ; 
the derived rate law accurately fit the experimental data. The curved Lineweaver- 
Burk plots previously observed therefore resulted from the fact that DPD+ was 
acting as a substrate, and therefore ceruloplasmin probably has only a single 
active site for substrate oxidation or possibly two independent and nominally 
identical sites. 

The second major problem in the interpretation of the kinetics of cerulo- 
plasmine catalyzed oxidations involves the unique role played by trace amounts 
of iron which contaminate the reaction mixtures. Curzon and O’Reilly (167) 
observed that both Fe?+ and to a lesser extent Fe®+ at concentrations stoichio- 
metric with enzyme significantly enhanced the oxidase activity of ceruloplasmin 
toward DPD, and they suggested that a number of the conflicting results in the 
literature were due to variations in the concentration of contaminating iron salts. 
Iron appears to be unique in this regard since Mn?*, Co2*, Nit, and Zn?* activated 
to no more than 50% below 20 uM concentration while at higher concentrations 
the above divalent ions showed inhibition (748, 762). 

The observations of Curzon and co-workers on the effects of iron salts stimulated 
a great deal of work on the possible involvement of trace iron in a variety of 
ceruloplasmin oxidations. Levine and Peisach (162) demonstrated that iron is a 
common contaminant of DPD and that the activity of the enzyme toward this 
substrate was strongly inhibited by micromolar concentrations of EDTA. Indeed 
the inhibitory effect of EDTA on DPD oxidation decreases very rapidly near 
10-6 M (762) as was first demonstrated by Curzon (748) while when psilocin 
(N, N-dimethyl-4-hydroxy tryptamine) was used as a substrate, maximal inhibi- 
tion occurred above 10 mM EDTA. Indeed, in this system, EDTA does not 
appear to be acting as a chelating agent toward trace metals but more as an 
anionic inhibitor (748). This provided some indication that the stimulatory effects 
of Fe2+/Fe8+ may be largely dependent on the nature of the substrate. Further 
support of this contention is found in the results of Levine and Petsach (162) 
who showed that the concentration of Fe2+ yielding maximal activation was 
strongly dependent on the initial concentration of substrate and moderately 
dependent on the nature of the substrate. Also, it appears likely that some 
potential substrates, such as ascorbic acid, may only be oxidized if iron 1s present 
in the solution. 

How much endogenous Fe salts are present in ceruloplasmin solutions and 
how effective are they as stimulators of ceruloplasmin oxidase activity? McDermott 
et al. (163) have very elegantly demonstrated that Chelex treated solutions of 
ceruloplasmin were between 1 and 40 nmolar Fe depending on the amount of 
Fe the solution contained prior to treatment with Chelex (2—20 Fe atoms per 
10,000 molecules of protein). At these extremely low concentrations of iron and 
ratio of iron to ceruloplasmin it might be expected that Fe would play no signif- 
icant role. However, it was shown that the ascorbate oxidizing activity of the 
protein nearly doubled when the concentration of Fe in the stock solution of 
ceruloplasmin increased from 2—14 nanomolar. 

There has been some question whether ascorbate is in fact a substrate of 
ceruloplasmin. Morell et al. (164) concluded that ceruloplasmin itself was incapable 
of oxidizing ascorbic acid but that traces of Cu2+ were responsible for the apparent 


38 


Copper Proteins — Systems Containing the “Blue” Copper Center 


catalysis. McDermott et al. (163) have provided additional evidence that cerulo- 
plasmin is not an ascorbate oxidase but suggest that trace Fe rather than Cu is 
responsible for apparent activity. Gunnarsson et al. (166) argue that ascorbate is in 
fact a substrate of the iron free enzyme system. Inasmuch as ascorbate can reduce 
all available electron centers in the enzyme (720) it seems unreasonable that the 
protein would not have some oxidase activity toward this substance. 

McDermott et al. (163) have proposed that there are two groups of substrates 
for ceruloplasmin: those substances for which non-chelated Fe is not required 
and therefore which interact directly with the enzyme and those substrates 
which require the presence of non-chelated Fe to be catalytically oxidized. Some 
substrates belonging to the former group are epinephrine, PPD, norepinephrine, 
dopamine, and serotonin. Those falling in the second class are ascorbate, hydro- 
quinone, ferrocyanide, L-DOPA, hydroxylamine, thioglycolic, acid and cysteine. 

The present interpretation of these observations was formulated by Curzon 
and OT Reilly (167) in 1960 and elaborated by Curzon (165) and McDermott et al. 
(763). Thus 


SHa Fest H20 
Spontaneous ——> ) | H «—— Ceruloplasmin. 


2H+ +S Fe? Op 


However, as pointed out by Gunnarsson et al. (166) the kinetic limitations 
portended by a reaction between 10-8—10-9M “free” Fe3+ and substrate have 
not been adequately explored, and the suggestion of Levine and Petsach (162) 
that Fe-substrate complexes may be more readily oxidized by enzyme than the 
substrate alone should not be excluded [cf. Ref. (227)}. 

Cognizant of the above complications in the interpretation of the kinetics 
of ceruloplasmin mediated oxidations, Young and Curzon (167) have measured 
Vmax and Km for 37 different organic substrates. These workers used a reaction 
mixture containing substrate, excess ascorbic acid, 100 «M EDTA, and sulfate 
was maintained at 10 mM as a replacement for chloride which acts as an inhibitor; 
the progress of the reaction was followed with an oxygen electrode. Only when 
it was nearly depleted did oxygen become limiting, as Frieden et al. (168) have shown 
that the Km of O2 is approximately 4 uM. The function of the ascorbate is to rap- 
idly reduce potentially long-lived cation radicals which themselves may act as sub- 
strate or inhibitors of activity. This procedure effectively couples ascorbate 
oxidation to that of substrate. 

The data of Young and Curzon (167) are of prime importance in understanding 
the mechanism of the oxidase activity of ceruloplasmin. Of the 37 substrates 
tested Vmax values varied over only an 8-fold range (1.3—10.8 &/Cu-min at pH 
5.5 in 10 mM sodium acetate; keat =0.15—1.26 sec-4) and for the 20 para-amino- 
phenol compounds the total variance in Vmax was only a factor of two. In con- 
trast, Km for these substrates varied over a range of 104 (20 uM—0.28 M). (Table 
5.) The inescable conclusion from these data is that the rate limiting step in 
ceruloplasmin oxidase activity is independent of the nature of substrate. Indeed, 
even the small variations in Vmax might be attributed to minute quantities of 
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Table 5. Steady state kinetic parameters for substrates of ceruloplasmin4) 


Substrate 


p-Amino compounds 


N-Acetyl-p-phenylenediamine 

p-Aminophenol 

p-Anisidine 

2-Chloro-p-phenylenediamine 
NN’-Di-s-butyl-p-phenylenediamine 
2,5-Dichloro-p-phenylenediamine 
NN-Diethyl-p-phenylenediamine 
NN’-Dimethyl-p-phenylenediamine 
NN-Dimethyl-p-phenylenediamine 
Durenediamine 
N-Ethyl-N-(2-hydroxyethyl)-p-phenyl-enediamine 
N-Ethyl-N-2-(S-methylsulphonamido)-ethyl-p-phenylenediamine 
2-Methoxy-p-phenylenediamine 
N-(p-Methoxyphenyl)-p-phenylenediamine 
2-Methyl-p-phenylenediamine 
2-Nitro-p-phenylenediamine 

p-Phenylenediamine 
p-Phenylenediamine-2-sulphonic acid 
N-Phenyl-p-phenylenediamine 
NNN’N’-Tetramethyl-p-phenylenediamine 


Catechols 


L-Adrenaline 

Catechol 
3,4-Dihydroxyphenylacetic acid 
3,4-Dihydroxyphenylalanine (dopa) 
3,4-Dihydroxyphenethylamine 
4-Methylcatechol 

L-Noradrenaline 


5-Hydroxyindoles 


5-Hydroxyindol-3-ylacetic acid 
5-Hydroxytryptamine 
5-Hydroxytryptophan 
5-Hydroxytryptophol 


Other compounds 


m-Aminophenol 

o-Aminophenol 

Ascorbate 
NN-Dimethyl-m-phenylenediamine 
NN-Dimethylaniline 
p-Methoxyphenol 


m-Phenylenediamine 
o-Phenylenediamine 
Pyrogallol 

Quinol 


40 


Vmax 


(2/Cu-min) 


3.42 
3.93 
4.05 
5.35 
6.05 
3.94 
3.18 
4.33 
5.13 
6.00 
5.49 
6.06 
6.20 
6.50 
5.49 
6.93 
4.44 
3.83 
4.78 
5.06 


2.29 
8.98 


7.54 
6.81 
2.71 


1.50 
5.68 
1.78 
2.87 


4.03 
3.60 
4.07 
4.02 


5.60 
1.30 
10.80 
5.64 


Km 


(Micromolar) 


12300 
1540 
6140 

241 
620 
740 
556 
164 
203 
171 
110 


87.2 


161 


20.6 


213 
1260 
292 
2660 
47.7 
197 


2550 
282000 

x 250000 
~ 20000 
2850 
60300 
2810 


8340 
908 
16300 
5100 


199000 
2880 
5200 
3050 

x 25000 
x 700000 


36000 

2950 
57900 
65700 


Copper Proteins — Systems Containing the "Blue" Copper Center 
Table 5 (continued) 


Substrate Vmax Km 
(&2/Cu-min) (Micromolar) 


Fe2* b) 22 0.6 
Resorcinol (100 mM) 


Gentisic acid (100 mM) KC 
Aniline (2 mM) Activity undetectable 


Mercaptoethanol (100 mM) 


a) All data taken from Young and Curzon (167) unless otherwise indicated. This reference 
should be consulted for details. 
b) From Osaki (169). 


uncomplexed Fe and other complications associated with the complex reaction 
mixtures. 

Osaki (169) has studied the catalytic oxidation of ferrous ion by ceruloplasmin, 
and reported non-linear Lineweaver-Burk plots explicable in terms of two Km 
values: 0.6 uM and ~50 uM. This behavior could arise from the fact that cerulo- 
plasmin may bind Fe(III) as it is known to bind several other metal ions quite 
strongly (770), and does not provide evidence for more than one type of active 
site. Ferrous ion is an excellent substrate of ceruloplasmin as evidenced by its 
very low Ky. However, its Vmax does not differ greatly from the values 
of all the substrates tested by Young and Curzon (167). From the data of Osaki 
(769) Vmax at pH 5.5 is 308/Cu-min at 30°C (keat =3.5 sec—!). Using the activa- 
tion energy of 10.9 Kcal/mole reported by Osaki and Walaas (177) for the initial 
velocity of Fe(II) oxidation the above Vmax can be corrected to 22 é/Cu-min at 
25 °C. Thus, it appear that for all substrates of ceruloplasmin Vmax is remarkably 
independent of the nature of the substrate. 


Transient Kinetic Studies 


The early suggestion of Holmberg and Laurell (102) that Cu was involved in the 
oxidase activity of ceruloplasmin, possibly undergoing cyclic reduction by sub- 
strate and oxidation by molecular oxygen, has received ample verification by a 
number of investigators (88, 772, 773). Kinetic studies of the reduction of cerulo- 
plasmin and reoxidation by molecular oxygen have revealed several qualitative 
features of the reaction: (a) The rate of reduction of Type 1 Cu?+, even by so- 
called iron mediated substrates such as ascorbic acid, and spectral changes which 
occur in the 330 nm region occur very much faster than the rate limiting step in 
the overall oxidase activity. (b) In the presence of a slight excess of reducing 
equivalent (~8 &/molecule) the rate of oxidation of approximately half the Type 
1 Cut and the spectral changes in the 330 nm region also occur very rapidly. 
(c) During reduction no spectrally distinct intermediates are apparent, but on 
reoxidation an intermediate forms having an absorption maximum at 420 nm. 
(d) The rate of decay of this intermediate occurs at a velocity comparable to the 
turnover rate of the enzyme system, under substrate saturating conditions. 
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Studies on the rate of reduction of ceruloplasmin have involved some sub- 
stances which according to McDermott et al. (163) require iron salts to act as 
substrates, and it appears that iron may also play a role in the transient approach, 
to the steady state as well as the overall rate under conditions of both Og and 
substrate saturation. Osaki (769) has observed that iron chelating agents such 
as 1,10 phenanthroline and apotransferrin quite dramatically impede the re- 
duction of Type 1 Cu?+ by ascorbate. For example, a 16.5 uM, Chelex treated, 
ceruloplasmin solution was half-reduced in a ~3 sec time period in the absence 
of apotransferrin and ~7 sec in the presence of 20 „uM apotransferrin, while 
1,10-phenanthroline at 0.8 mM extended this time to ~13 sec. It is possible 
that phenanthroline may inhibit by combining with the enzyme, but this seems 
very unlikely for apotransferrin which probably inhibits by sequestering the 
small amount of remaining Fe?*+. These observations suggest that results dealing 
with the rate of reduction of ceruloplasmin will not be quantitatively reliable 
unless endogenous iron is adequately bound by a chelation system. Manabe et al. 
(173) state that EDTA also significantly retards the rate of reduction of cerulo- 
plasmin by ascorbate. 

Gunnarsson et al. (166) have measured the rate of reduction of Types 1 and 
3 Cu2+ in the presence of excess EDTA by several substrates, including ascorbate. 
Both reactions were found to be well behaved second-order processes in which 
no saturation was observed even when substrate was present at a concentration 
several-fold greater than its steady state Km value. The rate of reduction of Types 1 
and 3 were identical suggesting either a complete equilibration between the two 
electron acceptors or identical rates of reduction by substrate. When less than 
stoichiometric amounts of substrate (ascorbate) were present, however, the two 
chromophores were reduced at significantly different rates (772). 

These authors demonstrated that a very simple relationship exists between 
Vmax and Km obtained from steady state experiments and kı obtained from 
transient studies. 

Assuming that the simple kinetic scheme holds 

kı 
Eox + S 7? Erea + P 
k 
Erea + O2 — Eox 

Vmax =k2, Km = ko/k1, and Vmax/Km =k. Observed and calculated values 
of kı are given in Table 6. It is evident that for the more slowly reacting sub- 
strates Vmax/Km = kı obtained from transient studies. The authors point out 
that the apparent lack of correspondence with the faster reacting substrates is 
probably due to difficulties in the direct measurement of ki. As might be expected, 
there is an excellent correlation between Ex (obsd) and Amt, supporting the rel- 
atively simple assumptions regarding the rate limiting processes. This correlation 
may be explained in terms of an enzymatic reaction which does not involve 
formation of the classical E-S complex, but only an encounter complex of E 
and Sin which they exchange an electron. 

Levine and Peisach (174) have reported a correlation of activity toward a 
particular substrate and the sum over its substituent Hammett o-constants, 
indicating that an increased electron density in the aromatic ring results in 
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Table 6. Relation between transient and steady state parameters for 
various substrates of ceruloplasmin (766) ®) 





ky M-! sec-1 = (= k1) P) 

Substrate Transient Steady state 
Catechol 2.9 + 0.4 3.2 

Quinol 7.6 + 1.2 8.6 
Ascorbate 70 +10 80 
Epinephrine 100 + 10 90 
p-Aminophenol 120 +15 230 

PPD 1050 -+ 100 1500 

DPD 1600 + 100 2500 


a) 25 °C, 0.05 M acetate, 0.5 mM EDTA, and 0.25 mM Og. 
b) Km and Vmax taken from Ref. (767) (Table 5). 


greater oxidizability. However, as pointed out by Curzon and Speyer (175) the 
Hammett ø relates the effect of one substituent at another carbon atom of the 
ring and does not indicate electron density on the ring. Petterssson (176, 177) 
and his co-workers have established an exponential dependence of Km on the 
energy of the highest occupied molecular orbital of the substrate, which correlates 
with the ionization potential of the substrate (778) and a zero correlation of this 
energy with Vmax. The results shown in Table 6 support the contention that the 
substrate specificity is primarily due to the contribution of kı to Km. It is inter- 
esting that the predicted kı for Fe?+, based on Vmax and Km values of Osaki (769) 
is ~4 x 106 M-1 sec-! and the observed constant (see below is ~1 x 106 M-1 
sec-1, 

The reoxidation of reduced enzyme by oxygen has been more extensively 
studied than its reduction by substrates. Carrico et al. (172) have reported that 
appearance of 610 nm absorbance occurs in two distinct phases; approximately 
55% of total 610 nm absorbance reappearing 20 msec after mixing with oxygen 
and the remainder being completely developed only over a period of several 
hours. Absorbance changes at 340 nm followed a much more complicated path; 
after 15 msec it was several percent higher than the resting value, this was fol- 
lowed by a decrease for a period of approximately two seconds, and a subsequent 
slow increase then occurred to obtain the final expected value in about 5 min. 
The authors state that the excess absorbance appearing in the 300—450 nm 
region was indistinguishable from the spectrum of the 340 nm chromophore in 
the resting enzyme. Manabe et al. (173, 179) have appreciably extended the work 
of Carrico et al. (172), and have confirmed that reoxidation of Type 1 Cu occurs 
in two phases, one rapid and one much slower, and they have shown that the 
rate of the first phase depends on oxygen concentration while the slow phase 
does not, Fig. 7. During the reoxidation of reduced ceruloplasmin there is a 
transient appearance of an intermediate having an absorption maximum at 420 nm 
(779). The rate of appearance of this intermediate was linearly but not propor- 
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AA at 
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Fig. 7. Time course for the aerobic oxidation of reduced ceruloplasmin by molecular oxygen. 
The reaction conditions were pH 5.5, 0.05 M acetate, 50 uM EDTA, and 25 °C. The cerulo- 
plasmin concentration was 14.7 uM, and the oxygen concentrations were 80 uM (dashed) 
and 530 uM (solid). [Taken from Manabe, Hatano, and Hiromi; Ref. (773)] 


tionally related to oxygen concentration as were the concomitant changes at 610 
and 330 nm, and the apparent second order rate constants measured at each 
wave-length were essentially identical over an approximate 10-fold range in 
oxygen concentration (773), consistent with the low Km for Oz (4 uM). During 
the second phase of the reaction in which 610 nm absorbance increases and 420 nm 
absorbance decreases the rate constants obtained at both wave-lengths are identi- 
cal and independent of oxygen. As will be discussed below, this reaction is thought 
to correspond to the rate limiting step of the overall reaction. The observation 
of transient absorbance at 420 nm contrasts with the report of Carrico et al. (172), 
and it was suggested (773) that the failure of these authors to find the 420 nm 
band may be due to the fact that a system to chelate iron was not used. The 
failure of Carrico et al. (172) to observe the 420 nm chromophore might indeed 
be explained by the recent observation of Osaki (780) that Fe?* stimulates the 
slow phase of the reoxidation of Type 1 Cut. 

As indicated above, Fe2+ is itself an excellent substrate of ceruloplasmin. 
Osaki and Walaas (187) have studied the reaction between Fe2+ and ceruloplasmin 
and its reoxidation by molecular oxygen after reduction by ascorbic acid. Their 
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results may be summarized briefly: (a) Fe2+ reduced Type 1 Cu2+ in a second 
order process with a rate constant of ~1 x 106 M-1 sec“! at 20 °C, 0.2 M acetate 
pH 5.9. b) Concomitant with reduction of Type 1 an absorption band appeared 
with a maximum near 450 nm. However, Carrico et al. (172) were unable to re- 
produce this observation and its significance is not clear. (c) Pre-reduced enzyme 
was rapidly oxidized by Og with a constant of 0.57 x 106 M-1 sec~1. This reaction 
was not reported to be biphasic, and the authors were probably only observing 
the rapid phase of reoxidation. (d) When 4 Fe?*+/mole ceruloplasmin are mixed 
in the presence of an excess of oxygen there is a rapid but not complete drop 
followed by a slow unimolecular increase in 610 nm absorbance. The authors 
have associated this slow return in color with the rate limiting step of the overall 
oxidase activity, and they have further suggested that the rate limiting step is a 
slow conformational change preceding rapid reoxidation. The results of Manabe 
et al. (173) support the viewpoint that the slow portion of reoxidation, not observ- 
ed by Osaki and Walaas (187) in pre-reduced enzyme corresponds to the overall 
rate limiting step. Indeed, while the transient kinetic results do not mandate 
this step as rate limiting, the idea that this step involves a conformational altera- 
tion of the enzyme is consistent with and explains the fact that V max is generally 
independent of the nature of the substrate. 

The pH dependence of ceruloplasmin’s oxidase activity was noted by Curzon 
(748) but was not studied in any detail. Gunnarsson et al. (177) have taken into 
account a variety of the complicating factors of the enzyme-DPD system, and 
they have obtained Vmax over the pH range 4.5—6.5. Activity shows a maximum 
at pH 5.0 and gradually decreases toward zero at higher pH values. It would 
appear that an ionizable group on the enzyme, having a pK, of ~6, is necessary 
for activity. At rather higher pH values, greater than 10, the physical properties 
of the enzyme are modified as a result of denaturation (798). 

6. Inhibition of the Oxidase Activity. The oxidase activity of ceruloplas- 
min has been reported to be inhibited by a wide variety of different sub- 
stances, and it would be well to briefly point out several ways in which an 
Inhibition of the activity may be manifested: (a) A true inhibition of the activity 
resulting from a combination of enzyme or an enzyme-substrate complex with 
the effector. (b) Inhibition resulting from the sequestering of free iron, as has 
already been discussed. (c) Alteration of the chromophoric properties of the 
substrate or product by the effector, for example, the reduction of the colored 
radical cation of DPD. (d) Apparent inhibition will also result when the inhibitor 
causes aggregation or precipitation of the protein. Inhibition attributable to each of 
the above has been reported. [cf. Curzon and Speyer (175) for a lucid discussion 
of these points.] We will be concerned here primarily with three types of inhibitors, 
all of which act by a direct combination with some form of the enzyme: halide 
and inorganic anions, carboxylic acids having a double bond «- to the carboxyl 
function, and certain divalent cations. 


Anions 


Holmberg and Laurell (102) demonstrated that the oxidase activity was markedly 
affected by anions and these effects have been extensively studied by several 


45 


J. A. Fee 


investigators. It seems that all anions exhibit a degree of inhibitory action toward 
ceruloplasmin including anions of common proton buffer systems such as acetate 
and phosphate (748). The inhibition by both C1- and OAc- was found to be of the 
uncompetitive class and OAc~ protected against the inhibition by C1- suggesting 
a rather complicated interaction between anions and the enzyme. Since acetate 
overcomes a significant portion of chloride inhibition, Curzon (148) suggested 
that is would be advantageous to use a fairly concentrated acetate buffer. While 
this offers a lower sensitivity it reduced interference by anions, such as Cl-, 
which are frequently added stoichiometrically with substrate. 

In 10 mM acetate buffer at pH 5.5 and with 4 uM EDTA present to reduce 
the catalytic effects of iron salts, the order of inhibition was determined to be: 
CN- >N 37 >F- >I- > NO >C1- > Brr > OCN- >SCN->SeCN-> (C104, 
tetraborate, boric acid, phosphate, sulfate and cacodylate). Clearly the strongest 
inhibitors are those with metal binding capabilities although this features alone 
does not readily correlate the series. Indeed, there are complexities which are 
apparent under detailed scrutiny and which suggest a very complicated pattern 
of inhibitory action by these anions. Curzon and his co-workers and other inves- 
tigators have carried out detailed studies of the inhibition by azide, cyanide, 
the halides, and mixtures of various anionic inhibitors. 


Azide 


The steady state inhibition by azide is reversible and may be overcome by ex- 
cess acetate, EDTA, or chloride (782). Lineweaver-Burk plots at various azide 
concentrations were linear and parallel which suggests that azide inhibits by 
binding to an enzyme substrate complex or to an intermediate form of the enzyme 
during catalysis (782). Gunnarsson et al. (183) have shown that azide, as well as 
other anions, does not inhibit by binding to an ES complex and therefore must 
exert its effect by combining with an intermediate form produced during catal- 
ysis. 

The binding of azide to the inhibited form is quite strong, Ki =1.5 „M, and 
by studying mutual depletion effects Curzon (182) was able to demonstrate that 
a single azide molecule was bound to inhibited ceruloplasmin. Inhibition by azide 
was found to be time dependent, becoming evident 30—60 sec. after addition 
of the substrate, and the lag period is substantially increased at lower temperatures. 
Pre-incubation of either the oxidized or reduced form of the enzyme with azide 
had no affect on this lag period (782, 783). The binding of azide to ceruloplasmin 
and the mechanism of its inhibition has been the subject of considerable discussion. 
Binding constants (expressed as dissociation constants) for the interaction between 
N3 and ceruloplasmin are given in Table 7. These constants were measured by a 
variety of techniques: appearance of an absorption band at 380 nm, alteration of 
that part of the EPR spectrum corresponding to Type 2 Cu?+, and by inhibition 
of steady state activity. The wide range of values suggests the possibility that the 
different techniques are actually measuring different phenomena. 

Andreasson and Vänngärd (139) have correlated optical changes, EPR changes, 
and inhibition of steady state activity which occur upon interaction of cerulo- 
plasmin with azide, and they have proposed that azide inhibits ceruloplasmin 
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Table 7. Comparison of dissociation constants for the binding of azide to ceruloplasmin 


K; (Micromolar) Type of measurement(s) Experimental conditions Ref. 
67 Optical, EPR, Steady state 25 °C, 0.1 M acetate, (739) 
kinetics pH 5.5, 2 mM Cl- 
260 Binding kinetics, (784) 
380 nm changes A | 
370 Equilibrium of 380. nmabserption SCHEER 
3 Steady state kinetics 
1-2 Steady state kinetics 7.5°C, 0.01 M acetate, (782) 
0.66 mM Cl- 
2 Steady state kinetics (183) 


activity by binding directly to Type 2 Cu?+. However, Manabe et al. (184) have 
found a very substantial difference between the inhibition constant and the binding 
constant of azide to oxidized protein. Manabe et al. (184), Curzon (182), and 
Gunnarsson et al. (183) find the inhibition constant to be near 2 uM, while André- 
asson and Vänngärd (139) report a value of 67 uM. The source of this discrepancy 
would not appear to be with the differences in experimental conditions but could 
be related to the history of the different ceruloplasmin preparations used and to 
different enzyme concentrations. 

Manabe et al. (173,179, 184) have examined azide inhibition by stopped-flow 
spectrophotometry, and they have demonstrated that azide does not inhibit the 
reduction of Type 1 Cu2+ by substrate. Azide weakly inhibits the rapid changes 
at 610 and 330 nm, and the appearance of the intermediate absorbing at 420 nm 
which occur on reoxidation by oxygen, but the disappearance of the 420 nm 
intermediate and the slow phase of Type 1 oxidation are concomitantly and strongly 
retarded in the presence of this ion, Fig. 8. Therefore, azide inhibits primarily 
by impeding the decomposition of an intermediate in the overall reaction as 
required by the steady state behavior of the enzyme systems (782), but this appears 
to be a reduced form of the enzyme not an E -S complex. Perhaps the inhibition 
is brought about by the binding of azide to a Type 2 Cut in this species but 
verification of this point has not been forthcoming. 


Cyanide 


Reversible inhibition by cyanide is only slowly expressed in a mixture of enzyme 
and substrate. While azide inhibition required approximately two minutes for 
full expression, cyanide may require as much as 15 minutes (785). As found with 
azide, preincubation of cyanide with the oxidized or reduced forms of the enzyme 
does not affect the lag time of inhibition. This suggests that cyanide does not 
inhibit by binding to either the fully oxidized or fully reduced protein. In contrast 
to azide, cyanide shows nominally competitive inhibition with substrate for an 
intermediate form of the enzyme. Since cyanide, like azide, binds very strongly 
to ceruloplasmin the use of mutual depletion kinetics has indicated that two 
cyanide molecules bind to ceruloplasmin in the fully inhibited form. 
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Fig. 8. Spectral changes observed in the reoxidation of reduced ceruloplasmin by molecular 
oxygen. (Upper) Spectra obtained at 0.2 (@) and 2 sec. (0) after mixing with oxygen. Note 
the absorption band in the region of 420 nm. (Lower) The affect of azide on the decomposi- 
tion of the 420 nm band observed during reoxidation .The concentration of ceruloplasmin 
was 14.7 uM and azide was 120 uM. Conditions were the same as described in Fig. 7. [Taken 
from Manabe, Manabe, Hiromi and Hatano; Ref. (179)] 


Inhibition by Mixtures of Antonic Inhibitors 


The complexity of the inhibitory mechanisms of various anions was well demon- 
strated by Curzon and Speyer (186) who considered the inhibition of ceruloplasmin’s 
oxidase activity by mixtures of various pairs of anions. Their data were presented 
in the form of inhibition isobols. Each point on an isobol representing, for example, 
50%, inhibition, is fixed by the concentrations of two anions at which 50% in- 
hibition occurs. A straight line isobol indicates that both anions inhibit by binding 
to mutually exclusive sites. A curved, concave up, isobol indicates the inhibitors 
are binding to the same intermediate at different sites or, depending on the degree 
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of inhibition this may indicate that one inhibitor facilitates the binding of the 
other. Curved isobols which are concave down suggests an interference between 
the inhibitors, and these are difficult to interpret. 

Quite definitive results were obtained when mixtures of the halides were 
considered, and the authors deduced that there were two distinct types of halide 
anion binding sites: «-sites which bind Cl- and F~; and f-sites which bind Br- 
and I~. Other anions introduce more complex behavior but the data obtained 
suggested that OCN-, Na and CN- all bind at or near «-sites though possibly to 
different intermediate forms of the enzyme (presumably different forms may 
involve overall differences in the valence of the Cu atoms). As suggested above, 
ceruloplasmin is conformationally sensitive to specific ions and it is quite possible 
that at least part of the complex behavior observed with the various inhibitors 
may be due to a shifting of the enzyme among two or more conformational 
isomers. 

The work of Byers et al. (72) and Gunnarsson et al. (183) allows quantitative 
comparison of the binding of anions to oxidized ceruloplasmin and inhibition of 
oxidase activity by these anions. These data are assembled in Table 8, and they 
show that no correlation exists between the association constant of an anion with 
oxidized enzyme and its ability to inhibit the enzyme. Clearly the anion binding 
properties of the enzyme operating under steady state conditions are different 
than when it is in the resting oxidized form. 


Table 8. Comparison of anion binding and inhibition constants 
(association) for ceruloplasmin 





log K log K 
Anion Binding) Inhibition 

Site I Site 2 
N, 3.4 1.7 5.4b) 5.7°) 
SCN- 2.7 1.0 3.3 
OCN- 1.6 — 3.9 3.8 
CN- 1.3 — 5.8 
Cl- 1.52°) 1.8 2.0 
F- 1.7®), 1.6°) 2.2 2.7 
Br- 1.6°) 1.8 


2) Taken from Ref. (72). 
b) Calculated by Byers et al. (72). 
c) Deduced from kinetic measurements (783). 


Unsaturated Carboxylic Acids 


It has been known for some time that certain carboxylic acids inhibit cerulo- 
plasmin (709, 148). Curzon and Speyer (175) examined the inhibitory capacity 
of a number of types of organic substances including: aromatic carboxylates, 
unsaturated aliphatic carboxylates, aromatic non-carboxylates, unsaturated 
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aliphatic non-carboxylates, and a group of mono-substituted benzoates. All 
substances tested at 10mM concentration showed some degree of inhibition, 
ranging from <5% to 70% for benzoate which was observed to be the best 
inhibitor. The functional groups which appear to enhance inhibition of a carboxyl 
group are an adjacent double bond with small substituents or an aromatic ring 
with no substituents. For example, ortho-methyl benzoate is a very weak inhibitor 
compared to benzoate. It was suggested that the carboxylic acid, like the inorganic 
anions, inhibited by binding to the metal ions. Imoto et al. (187) using NMR 
methods have demonstrated, however, that salicylate binds to both the fully 
oxidized and reduced forms of the enzyme but does not bind near Cu2+. These 
authors refer to results which show that salicylate inhibits by decreasing the rate 
of reduction of enzyme by substrate. This is consistent with the studies of Gunnars- 
son and Pettersson (188) who concluded that carboxylic acids do not form E -I-S 
complexes during inhibition but compete with substrate for the active site. 


Metal Ion Inhibition 


It has been shown that a variety of metal ions will inhibit oxidase activity at 
sufficiently high concentrations (748, 162). McKee and Frieden (170) have demon- 
strated that in addition to the Cu normally associated with native ceruloplasmin 
an additional 10 Cu?+, 3 Fe2+, 3 Zn2+, 7 Ni2+, or 16 Co?* may be accommodated by 
the protein. The binding constants range from 2 x 105 to 2 x 104 M-1 and in the case 
of Nä, Zn®t, and Co?+ the inhibition constants of Fe?+ oxidation compare 
favorably with the dissociation constants of the metal-protein complexes. The 
inhibition mechanism is not understood. 


Deuterium Oxide Inhibition 


Osaki and Walaas (177) have observed that the oxidase activity of ceruloplasmin 
was reduced 42—43 % in 66% deuterium oxide when Fe2+ was used as substrate. 
The authors suggested that proton-transfer may be involved in the rate limiting 
step, but since the effect of D20 on real acidity was not evaluated it cannot be 
excluded that the inhibition merely reflects a change in acidity; this is an inter- 
esting observation. 

7. Summary. The mechanism of the oxidase activity of ceruloplasmin is clearly 
very complex. Nevertheless, some overall features of the reaction have been firmly 
established: (a) Types 1 and 3 Cu are involved in an oxidation-reduction cycle, 
and it is possible that other Cu ions are likewise involved. (b) The catalytic rate 
under carefully defined experimental conditions, is quite independent of the 
nature of the substrate. Therefore, the limiting step must involve a transforma- 
tion which occurs subsequent to reduction by substrate and presumably involves 
molecular oxygen. (c) The form of the enzyme that can react with Og does so 
with a very high affinity (KmO2~4 uM). (d) The reaction between Og and fully 
reduced enzyme results in the formation of the complex composed of the elements 
of oxygen and enzyme and which absorbs 420 nm radiation. It appears that the 
rate limiting step is associated with the breakdown of this intermediate in the 
direction of products. The chemical nature of the intermediate is not understood 
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but it is reasonable to assume its structure is similar to that observed in the 
analogous laccase system (96). 

The inhibition of ceruloplasmin is also quite complicated, and a part of this 
may be associated wıth the suggested conformational sensitivity of the molecule. 
Azide, at least, inhibits by decreasing the rate of decomposition of the 420 nm 
absorbing intermediate, possibly by inhibiting intramolecular electron transfer 
reactions necessary for the reduction of Og to H20. 


D. Ascorbate Oxidase 


The detailed chemistry and biochemistry of abscorbate oxidase have been ade- 

quately reviewed by Dawson and his co-workers (789, 790), and only a brief 

overview and a discussion of some recent developments will be presented here. 
The reaction catalyzed by the enzyme is 
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for which it shows a strong but not absolute specificity (790). Yamazaki and 
Pretie (194) have demonstrated that ascorbic acid is oxidized via a one-electron 
process to yield the ascorbate radical. This behavior is analogous to the multi- 
copper oxidases considered previously. 

Largely due to the great difficulty associated with obtaining quantities of 
purified enzyme adequate for physical-chemical studies its characterization has 
not been carried to the same stage as that of ceruloplasmin and the laccases. 
Nevertheless, recent developments in the purification procedure (797, 792) have 
allowed measurements which signify a great similarity of the Cu-binding sites on 
this enzyme with those of other blue, multicopper oxidases. The properties of 
the enzyme are summarized in Table 2. 

Recently Sirothkamp and Dawson (54) have examined the quarternary struc- 
ture of Zucchini squash (Cucurbita pepo medullosa) ascorbate oxidase by various 
denaturing procedures. Their findings suggest that the protein, having a molecular 
weight of approximately 140,000, consists of two readily dissociated subunits 
each of which consists of two peptide chains, A and B, which are covalently 
linked by disulfide bridges. The weight of the A chain was found to be 38,000 
daltons and the B chain was 28,000 daltons. Barring any proteolytic digestion 
of the protein during preparation, these results suggest major differences between 
the overall structural properties of ascorbic acid oxidase and ceruloplasmin. 

In spite of these potential differences in protein structure, the Cu atoms 
seem to be bound in environments substantially similar to those of the laccases 
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and ceruloplasmin. Indeed, Lee and Dawson (193) and Strothkamp and Dawson (54) 
have deduced from a comparison of the optical properties of ascorbate oxidase 
with those of laccases that the former contains two Type 1 Cu?+ ions and four Type 3 
Cu atoms. These account for six of the 8-10 Cu atoms usually found per molecule 
of protein and the remainder can be considered to be present in unknown pro- 
portions of Type 2 and extraneous Cu. The EPR spectra published by Lee and 
Dawson (193) and by Nakamura et al. (191) tend to support this conclusion. 
On the basis of these observations it has been suggested that ascorbate oxidase 
consists of two “‘laccase-type” units, but a deduction of this sort cannot be con- 
clusive on the basis of present evidence. 

Deinum et al. (225) have shown that the EPR spectrum of ascorbate oxidase 
from green zuchini squash is very similar to that from cucumber peel shown in 
Fig. 9. They have carefully recorded and integrated the EPR spectrum of ascorbate 
oxidase finding that 47 +3% of the Cu present was detectable by this method. 
Of this 47% only 25 +5% corresponded to Type 2 Cu2+. With this information 
in hand, the authors quite accurately simulated the observed EPR spectrum 
assuming the presence of three EPR identical Type 1 Cu?* and one Type 2 Cu?*. 
On the basis of total Cu present and the above observations Deinum et al. (225) 
conclude that ascorbate oxidase contains three Type 1 Cu?*, one Type 2 and four 
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Fig. 9. The EPR spectrum of ascorbate oxidase from Cucumber. Native form (solid) and 
reduced with ascorbate (dashed). [Taken from Nakamura, Makino and Ogura; Ref. (797)] 
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Type 3 Cu. These conclusions are not consistent with the idea that ascorbate 
oxidase consists of two halves corresponding to laccase molecules. 

Nakamura et al. (197) have carried out a fairly comprehensive study of ascorbate 
oxidase from cucumber (Cucumis sativus) peel. The Cu2+ was shown to undergo 
cyclic reduction and oxidation and the pH-activity curve was demonstrated 
to be bell-shaped with a broad maximum between pH 5.5 and 7. The velocity of 
the reaction depended on both ascorbate and Og concentrations with KmO2 ~1 mM 
and KÊS?—1.4 mM at 25 °C. Azide was found to inhibit uncompetitively and 
Ki =0.2 mM. Ascorbate oxidase appears to be substantially similar in its structure- 
function relationships to all the other known multicopper oxidases. 


IV. General Comments on the Three Types of Copper Binding Sites 


From the above discussion it is clearly possible to delineate the general properties 
of the various Cu centers, both physical and chemical. It is, however, except in 
the few instances difficult to rationally associate any given physical property 
to some structural feature which can be thought responsible for a particular 
chemical behavior. For example, while the intense blue color of Type 1 Cu?t 
indicates an unusual structure, this and the other physical studies have not 
revealed a structural framework in which its chemistry can be rationalized. What 
follows then is more an attempt to correlate physical and chemical properties 
rather than propose relationships between these. The latter is clearly a task for 
the future. 

Type 1. The characteristic chemical properties of these centers are their 
apparent isolation from the medium and ability to undergo rapid outer sphere 
electron transfer reactions. The common physical properties which signify this 
type of Cu complex are an intense absorption envelope centered around 600 nm 
made up of several absorption bands, and the unusually low hyperfine coupling 
constant, Aıı. These properties are similar for all known Type 1 centers, and 
they suggest a common structure. However, Type 1 binding sites show considerable 
variation in their redox potentials (200—800 mV) and their sensitivity toward 
denaturation by mercurials. 

The presence of common and non-common properties suggests that the 
structure of all Type 1 centers may not be the same. Could there not be an invariant 
portion of the structure which contributes to the common physical properties 
and a variable part which accounts for the minor differences among the physical 
parameters and the chemical properties? 

There have been several attempts to develop a theory which satisfactorily 
accounts for the characteristic physical properties of Type 1 Cu2+: The first of 
these suggested that the narrow hyperfine splitting observed was due to an unusual 
delocalization of the unpaired electron onto nearby ligands, effectively reducing 
the fraction of time the electron spent on the metal ion thereby reducing the 
hyperfine interaction (207). Another theory suggested that the Type 1 center 
consisted of a Cu?* and a nearby Cut in which the blue color arose from 
a Cut to Cu?* charge transfer transition and the narrow hyperfine split- 
ting from a form of delocalization (743). This theory was discarded 
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with the discovery that proteins containing only one Cu?* were intense- 
ly blue and exhibited the characteristic EPR spectrum (202, 88). Other 
theories (203, 204) have been proposed which accounted for some of the 
physical properties, but absorption in the region of 600 nm was thought to 
arise from d—d transitions which were allowed to an unusual extent. The recent 
observations indicating the presence of more absorption bands than can be 
accounted for as d—d transitions complicates these theoretical interpretations. 
It is fair to say that an adequate theory does not at present exist. Vänngärd (205) 
has recently evaluated the various theories and the lack of success in formulating 
model complexes which emulate the properties of the Type 1 center. 

It is reasonable to ask what the chemical studies can tell us about the nature 
of the Type 1 center. There have been repeated indications that a unique feature 
of this center was a Cu2+ liganded to cysteine sulfur. Thus, the original observation 
of Katoh and Yakamiya (37) that spinach plastocyanin was decolorized by mer- 
curials was also found to be true for a number of other simple blue proteins. 
However, ceruloplasmin and laccases and ascorbate oxidase were found not to 
be denatured by mercurials. In the case of Rhus laccase it was elegantly demon- 
strated that its single SH group was independent of Type 1 Cu®*. These obser- 
vations leave us with the dilemma that either Type 1 centers are not intrinsically 
the same or if they are the cysteine sulfur does not serve as a direct ligand to the 
copper. It is, of course, possible to rationalize the sensitivity to mercurials with 
a structure having an SH group in close proximity to but not directly coordinated 
to the copper. 

The following amino acids have been definitely excluded as part of a common 
structure of the Type 1 center: Tryptophan has been eliminated as a ligand for 
the reasons given in Section HA1. Arginine is absent in the plastocyanins. Tyrosine 
has been eliminated by optical absorption studies of azurin and by a recent analysis 
of the resonance enhanced Raman spectrum of stellacyanin (206). 

Possible liganding groups which cannot be excluded on the basis of chemical 
studies are: carboxylate, peptide nitrogen, a terminal amino group, lysine, histidine 
methionine and hydroxyl groups. The ENDOR study of Rist et al. (28) on stella- 
cyanin is the only evidence which definitely shows the presence of nitrogenous 
ligands to the copper. It appears that biochemists will have to await the results 
of crystallographic studies presently underway in Prof. L. Jensen’s laboratory. 

Type 2. This Cu2+ complex is characteristic of the multi-copper oxidases and 
is typified by its lack of a sufficient optical absorption to be observed above that 
of Type 1 Cu2+ and by its larger hyperfine coupling constant, 411. It is often 
referred to as the more normal Cu?+ but this is quite misleading because instead 
of its physical properties being perturbed by its binding site, it has unusual 
chemical properties. 

The best example of its special chemical properties is its possession of two 
readily occupied coordination positions which assume in-plane character as 
evidenced by the binding of two (weak field) F~ ions as in-plane ligands. This 
capability may be important in the mechanism of these enzymes. 

EPR measurements have shown that this Cu?* is coordinated at least in part 
to nitrogen atoms of the protein. Nothing is known about the liganding amino 
acids. 
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Type 2 Cu?* shows considerable variation in its redox behavior, and only 
recently has it been shown to undergo oxidation-reduction in a kinetically compet- 
ent fashion in Polyporous laccase. 

Type 3. Least is known about this form of copper. The original proposal (67) 
that the Type 3 copper consisted of Cu?+Cu2*+ pairs with strongly antiferromag- 
netically coupled spins is consistent with all subsequent observations, and this 
structure does offer a structural explanation for a 2-electron redox center function- 
ing at rather high reduction potentials. 

The possible similarity of this Cu—Cu pair to that observed in tyrosinase (207) 
and hemocyanin (208) deserves consideration, but the overall functional differences 
are evident. The most obvious difference between Type 3 Cu and the Cu binding 
sites of hemocyanin and tyrosinase concerns interaction with carbon monoxide. 
Laccases are not inhibited by CO (773) and therefore have a low or non-existent 
affinity for this molecule. In contrast, both tyrosinase and hemocyanin have a 
demonstrable affinity for CO. It is reasonable that CuCu pairs, like isolated Cu 
ions, are capable of a wide variety of structure-function combinations. 
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I. Introduction 


It has been the intention of the author in this review to examine the roles played 
by zinc ion in homogeneous solution catalysis both for small molecule-zinc ion 
complexes and for zinc-metalloenzymes. Emphasis is placed on the integration of 
physical-inorganic mechanistic concepts derived from studies on small molecule 
systems with the accumulated kinetic, chemical, and structural information avail- 
able on select enzyme examples in order that reasonable mechanistic hypotheses 
might be developed for the roles played by zinc ion in enzymatic catalysis. 

The small molecule examples discussed in this review provide a rich collection 
of data pertaining to the catalytic functions which zinc ion can perform as an 
electrophile in aqueous solution. The high resolution structural information on 
the zinc-metalloproteins together with information derived from chemical modi- 
fications, kinetic studies, and other spectroscopic techniques place severe con- 
straints on the possible roles played by zinc ion in enzyme catalytic mechanism. 
As a consequence, the focus of this review is placed on the relationship of these 
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catalytic functions, as defined by the small molecule examples, to the probable 
roles played by zinc ion in enzyme catalysis. 

Because the scope of this review encompasses a variety of topics, it has been 
necessary to restrict detailed discussion to those aspects of each topic which are 
germane to the treatment of mechanism. For this reason, the emphasis of the re- 
view is placed on developments which occurred during the last five to ten years, 
and no attempt is made to treat each topic in full historical detail. 


II. Structural and Chemical Properties of Zn(II) Complexes 


Comprehensive reviews of divalent metal ion coordination chemistry and kinetic 
behavior can be found in standard references such as Cotton and Wilkinson (1) 
and the works of Etgen and Wilkens (2—5). Therefore, discussion of zinc coor- 
dination complexes here is restricted to consideration of those aspects of zinc 
chemistry which relate to the catalytic properties of Zn-metalloenzymes. 


1. Electronic Structure 


Divalent zinc ion is characterized by a completely filled shell of d electrons inside 
a vacant s shell. This relatively stable electronic configuration accounts for the 
ubiquity of the divalent oxidation state; the trivalent state is unknown, and 
although evidence for the univalent state exists, there are no examples of stable 
univalent zinc compounds (7). Because the d shell is completely filled, the stereo- 
chemistry and coordination number exhibited by Zn(II) complexes are specified 
solely by considerations of ligand size, electrostatic forces and covalent bonding 
forces. Zn(II) complexes are not subject to ligand field stabilization interactions. 
As a consequence, coordination numbers for zinc ion ranging from 2 to 8 have 
been reported, although coordination numbers of 4, 5 and 6 are most common (1). 
Examples of both tetrahedral and square planar geometries have been found for 
complexes of coordination number four. Regular or warped tetrahedral geometries 
are especially common. Typical structures for some four- and five-coordinate 
complexes are shown in Fig. 1. Five-coordinate complexes assume either a trigonal- 
bipyramid, or a square-pyramid geometry (Fig. 1B). Small, electrically neutral 
ligands (e.g., H20 or NH3) form octahedral complexes with zinc (7, 8). 


2. Kinetics and Mechanism of Ligand Substitution 


The equilibrium constant (Kp) for the dissociation of the nth water molecule 
from the zinc aquo ion [Eq. (1)] 


Kp 
[Zn(OH2)n]2+ == [Zn(OH3)„-1]?* + H20 (1) 


Kp = hy[ke = ([Zn(OH2)n—-1]?*) (H20)/([Zn(OH ale 97 


is approximately 10-3M. Eigen (3) has reported that the specific first order rate 
constant, kr, for dissociation is ~4 x 107 sec The magnitudes of kr and Kp 
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Fig. 1. A. The molecular structure of the tetrahedral complex, Zn(imidazole) Cle, determined 


from X-ray diffraction studies. Bond lengths and bond angles are shown. Taken from Ref. (6) 
with permission. 
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Fig. 1 B. The molecular structure of the five-coordinate square pyramidal complex, bis(ben- 
zoylacetonato)zinc monoethanolate. Bond lengths and bond angles are shown. Taken from 
Ref. (7) with permission 


indicate that both kę and kr are essentially diffusion limited processes (Rr = k| Kp 
~ 1010M-1 sec). 

The apparent second-order rate constants measured for substitution of inner- 
sphere H20 by other ligands invariably show little or no dependence on ligand 
structure. Thus, acetate, sulfate, and chloride ions all combine with the aquo- 
zinc complex with kax 3 x 107M-1 sec-! at 25° (2), while complex formation 
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with the neutral tridentate ligand pyridine-2-azodimethyl-aniline gives a slightly 
lower value, 4 x 106M-1 sec-1, at 15° (9). Eigen and Wilkens (2) have proposed 
that the only reasonable interpretation of these observations is that the kinetics 
of ligand substitution are dominated by dissociation of inner sphere H20 from the 
metal aquo ion. Since complex formation between the species [Zn(OH2)n-1]?* 
and ligand must almost certainly be a diffusion limited reaction, and assuming an 
Swl mechanism [Eq. (2, 3)], 


k 


[Zn(OHg) n]2* 5 [Zn(OHə)n-1]2t + Hai (2) 
kr 
kL 
[Zn(OHə)n-1]?* + L SS [Zn(OH3)n-ı(L)]2* (3) 


Kp = ((Zn(OH2)n—1]?*)/([Zn(OH2)n]?*) 


the apparent second order rate constant for substitution (Ag) is given by the 
relationship, ka —=Kp Ay, where ky, is the diffusion-limited, specific second-order 
rate constant (~ 1010M-1 sec-!) forcomplex formation. Alternatively, substitution 
could occur via rapid outer sphere complex formation followed by slow, Syl, loss 
of water from the aquo ion and inner sphere coordination of the substituting 
ligand [Eq. (4, 5)]. 


K k 


[Zn(OH)q)2* +L <= [Zn(OH]... L 2 [Zn(OHs)q1(L)]2+ + Han (4) 
Ky = ([Zn(OHə)n]?+. . .L)/([Zn(OH2)2]?*) (L) (5) 


This mechanism predicts a rate law in which the apparent second-order rate 
constant is given by the relationship, kg = Ky ki. 

The consequence of either of these mechanistic relationships is to place an 
upper limit on the rate at which inner sphere coordination to zinc ion can occur. 
So long as the ligand displaced is a water molecule, the combination rate can be no 
greater than ~107M~—! sec}; and, this rate can be expected to show some vari- 
ation (possibly 106 to 108M-1 sec”1) due to the influence of other ligands in mixed 
aquo complexes (70, 77). Although water desorption probably limits the rate of 
enzyme-substrate combination for some zinc enzymes (vtz. liver alcohol dehydro- 
genase, see Section [V—2), the rate of substrate turnover is not likely to be affected, 
since subsequent steps in the overall chemical transformation and/or product 
desorption invariably are rate limiting. Enzyme-substrate turnover numbers as 
a rule are 102 to 104 [substrate converted]/[site|jsec, Eigen and Hammes (4), 
Bernhard (12). Although carbonic anhydrase is a notable exception to this rule 
(see Section IV—3), this circumstance generally holds for zinc-enzyme systems. 

The insensitivity of the formation rate constants to the nature of the ligand 
is ubiquitous for non-transition and transition metal ions alike. This phenomenon 
is believed to be the result of either an Syl mechanism [Eq. (2, 3)], or a two-step, 
Syl-like mechanism [Eq. (4, 5)] involving first outer sphere complex formation 
followed by Sy1 loss of water from the aquo ion (7, 2). 
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3. Comparison of Zinc Ion to Other Divalent Metal Ions 


Since some of the evidence bearing on the mechanistic role played by zinc ion in 
the enzyme examples discussed in this review is based on the properties of enzymes 
in which another divalent metal ion has been substituted for zinc ion, it is of inter- 
est here to briefly consider some of the properties of the ionswhich are commonly 
utilized in substitution studies. These metal ions are Ni2+, Co2+, Fe2+, Mn?®*, 
Cu2t, Cd2+, and Hg?t. 

The first five ions are members of the d transition elements. Their divalent 
oxidation states are characterized by partially filled d shells. Therefore, these 
metal ions have UV-visible spectral properties and magnetic properties which are 
of use in probing catalytic mechanism. These transition elements all exhibit 
multiple, relatively, stable oxidation states. All are capable of forming (relatively 
stable) 4—6 coordinate ligand complexes. Unlike Zn?+ (and Cd?+, Hg?+) ligand 
field stabilization has a strong influence on the properties (both structural and 
chemical) of the ligand complexes of these ions. Cd and Hg are grouped together 
with Zn in the periodic table since they are electronically homologous. However, 
the chemistry of Hg is quite different in several respects from that of Cd and Zn. 
For example, although higher (4 to 6) coordinate states are known for Hell), 
this ion exhibits a propensity for the formation of essentially covalent, two- 
coordinate complexes. 

Table 1, compiled from data given in Cotton and Wilkinson (7) and from Eigen 
and Wilkens (2, 3), illustrates the differences in inner sphere water lability, as 
measured by H a substitution rates, for the aquo ions. Note that within a series 
(Ni—Cu and Zn—Hg) there is an approximate correlation between ionic radius and 
the lability of bound water. Eigen and Wilkens (2) have suggested that the 
deviation from this trend shown by Cu(II) is the result of a Jahn-Teller effect 
which results in the distortion of the octahedral complex and the labilization of 
the apical ligands. 


Table 1. Selected properties of divalent metal ion aquo complexes 





Divalent Ionic radii (A) a) kp) (sec!) pKa”) 

metal ion Goldschmidt Pauling 

Ni2+ 0.68 0.69 2x 104 10.18+ 0.1 
Co2+ 0.82 0.74 5 x 105 9.85 + 0.05 
Fe2+ 0.83 0.76 2 x 106 7.15+ 0.2 
Mn2+ 0.91 0.80 7 x 108 10.76+ 0.04 
Cu2+ 0.72 — 5x 108 ~7.3+0.4 
Zn2+ 0.69 0.74 3 x 107 9.13-+ 0.06 
Cd2+ 1.03 0.97 4 x 108 9.0 +0.2 
Hg2+ 0.93 1.10 2 x 109 3.68-+ 0.2 





a) Values taken from Refs. (1) and (3). The values of K refer to the rate of dis- 
sociation of the mth water molecule from the aquo ion complex, as in Eq. (1). 

b) Values taken from Table 2 in Ref. (74). pKa values refer to the ionization 
process described by Eq. (6), see Text. 
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Zelimann and Morgan (13) have shown that Co(II) mixed aquo complexes 
undergo H20 exchange at rates which are dependent on the coordination state 
of the metal ion. They find that the rate of H20 exchange is greater for tetrahedral 
complexes than for octahedral complexes by at least an order of magnitude. Ex- 
change via an Syl mechanism "Fos (2—4)] would be expected to occur more 
slowly in tetrahedral complexes. Therefore, the observed dependence of rate on 
the coordination state suggests a change in mechanism, and these authors propose 
that ligand exchange occurs via an addition-elimination mechanism involving 
penta-coordinate species in the tetrahedral Co(II) complexes. 

The pKa values [taken from Sillén and Martell (14) and references cited therein] 
for the ionization of the metal ion aquo-complex (Eq. (6)] 


K, 
[M(H20)qj2+ <= > [M(H20)n-1(0H)]+ + Ht (6) 


Ka = (H+) ((M(H20)n—1(OH)]*)/((M(H20)n]**) 


are also listed in Table 1. These values are of particular interest since (as will 
become evident in the following sections) an inner sphere coordinated H20 mole- 
cule may be involved either as a general acid-base catalyst or as a nucleophile in 
one or more of the various enzyme mechanisms under discussion. 


III. Zinc Ion Catalysis in Model Enzyme Studies 


The literature relevant to model systems involving electrophilic catalysis by 
divalent metal ions suggests the following catalytic functions for the involvement 
of zinc ion in enzymic catalysis: 

(i) Lewis acid catalysis involving activation of substrate chemical bonds by 
bond polarization vta inner sphere coordination to zinc ion. 

(ii) Enhancement of ligand nucleophilicity as a consequence of pKa per- 
turbation by coordination to zinc ion. 

(ii) Facilitation of nucleophilic attack on substrate by charge neutralization 
in the ground and/or transition states. 

(iv) Facilitation of reaction by the precise alignment of reactants at the 
enzyme site through coordination to zinc ion as a template. 

Lewis (general) acid catalysis can exert an influence on the activation energy 
for reaction by activation of the ground-state by polarization of chemical bonds. 
Catalysis via bond polarization will be most effective if stabilization of the tran- 
sition state both by bond polarization and by favorable electrostatic interaction 
between the metal ion and a developing negative charge on the substrate can 
occur. Coulombic interaction between nucleophile and metal ion can result in a 
large perturbation of the pKa for an inner sphere-coordinated nucleophile. For 
zinc ion the perturbation can be as large as 3—4 pKa units for -OH and NH 
nucleophiles (see Table I). Coulombic interactions between the metal ion and a 
negatively charged substrate can decrease repulsive charge-charge (and charge- 
dipole) forces which otherwise hinder the attack of an external nucleophile. The 
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precise prealignment of reactants vta coordination to the metal ion may be manifest 
as a large advantage in the entropy of activation (as much as 15—50 eu) (75, 76). 

The transition state for an uncatalyzed, second-order (or higher-order) reaction 
usually corresponds to the most entropically unfavorable arrangement of the 
reacting species on the reaction coordinate, since the randomly-oriented reactants 
must be brought together from dilute solution into a highly-oriented, activated 
complex. However, if the catalyzed pathway involves a rate-limiting chemical 
reaction that proceeds from a pre-equilibrium complex in which the reactants and 
the catalyst have been brought together in the proper alignment for reaction 
(75—17), this disadvantage can be shifted to a non-rate-limiting step. The available 
evidence derived from both mechanism and structure studies (75—77) is highly 
supportive for a theory of enzyme catalysis in which these considerations make a 
significant contribution to the high efficiency of enzyme catalysis. The “‘intra- 
molecular advantage” as here presented has been discussed in detail by Bruice 
(75) and by Page and Jencks (16). A somewhat different interpretation for the 
“intramolecular advantage” has been suggested by Koshland et al. (78). 

For both model systems and metalloenzymes the role played by divalent 
metal ion is likely to involve a combination of the above functions. Indeed, as 
will be evident, the divalent metal ion clearly is involved in more than one func- 
tion in at least four of the model systems discussed in the following paragraphs. 
These examples have been chosen because they lucidly illustrate these catalytic 
functions in reactions involving zinc ion. It is the conviction, or perhaps bias, of 
the author that these examples define in broad outline the full range of catalytic 
mechanisms involving electrophilic catalysis by zinc ion, both in enzymatic and 
nonenzymatic reactions. 


I. Lewis Acid Catalysis 


Breslow et al. (19) have investigated the mechanism of the divalent metal ion 
catalyzed hydration of 2-cyano-1,10-phenanthroline to the corresponding amide 
[see Eq. (7) below]. The cupric ion catalyzed reaction is extremely rapid (us 
<10 sec at 25°, pH 6—7). The Ni(II) and Zn(II) reactions, although slower, are 
greatly accelerated [the Ni(II) reaction by a factor of ~ 107] in comparison to the 
rate of hydration observed in the absence of divalent metal ion catalysis. The 
reaction obeys a rate law which is second-order over all: first-order with respect 
to hydroxide ion concentration, and first-order with respect to the 1:1 metal 
ion-substrate complex concentration. These authors suggest that the metal ion 
acts as a Lewis (general) acid in activating the nitrile for external nucleophilic 
attack by hydroxide ion, as illustrated in Eq. (7): 

The kinetically equivalent mechanism involving attack by a coordinated 
hydroxyl was rejected by these authors because (a) reaction of 2-cyano-1,10- 
phenanthroline with the Zn(II) or Cu(II) monocomplexes of pyridine-2-carboxal- 
doxime, 2-aminomethyl-8-hydroxyquinoline, or the Cu(II) monocomplex of 2- 
hydroxy-1,10-phenanthroline gives the amide as the sole product. (Di The 
product of the Cu(II)-catalyzed reaction is not altered by the presence of ethylene- 
diamine or hydroxyethylethylenediamine, although the rate of the reaction is 
inhibited. (c) The presence of high concentrations of either ethanol or ethanolamine 
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gives low yields of products derived from attack by these nucleophiles on the 
cupric complex. However, the proportion of the total reaction involving these 
nucleophiles is independent of the presence or absence of Cu(II). 

These findings are clearly inconsistent with a mechanism involving nucleo- 
philic attack via coordination of the nucleophile to the metal ion. The authors 
further argue that coordination of the nitrile in the ground-state is relatively in- 
significant due to the geometry of the complex and to the rigidity of the nitrile 
group, but that coordination in the transition-state is greatly favored. Therefore, 
the authors propose that the enormous rate accelerations found for this system 
stem from the distortion of the nitrile toward the geometry of the transition- 
state. 

Zinc ion is essential for the catalytic activities of both yeast and liver alcohol 
dehydrogenase. Until recently, model systems have been notably unsuccessful in 
accounting for the participation of Zn(II) in the enzyme-catalyzed oxidoreductive 
interconversion of aldehyde and alcohol. The studies of Creighton and Sigman (20) 
and of Shinkai and Bruice (27, 22) conclusively demonstrate that Lewis (general) 
acid catalysis by Zn2+ (and other divalent metal ions) can effectively promote 
aldehyde reduction by the reduced 1,4-dihydropyridine moiety. 

Creighton and Sigman (20) have investigated the zinc-ion-catalyzed reduction 
of 1,10-phenanthroline-2-carboxaldehyde by N-propyl-1,4-dihydronicotinamide. 
They found that in anhydrous acetonitrile, the zinc ion-1,10-phenanthroline-2- 
carboxaldehyde complex is rapidly reduced by the 1,4-dihydronicotinamide group 
[Eq. (8)]: 
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Since no detectable reaction occurs in the absence of zinc ion, the magni- 
tude of the rate enhancement effected by Zn?+ must be enormous. Nevertheless, 
this facile reaction does not occur in protic milieu. Instead, in aqueous solution 
there occurs a rapid (virtually instantaneous) hydration of the carboxaldehyde 
carbonyl to the stable hemiacetal. 

This reduction almost certainly proceeds via the activation of the aldehyde 
carbonyl both by bond polarization in the ground-state and by stabilization of 
bonding interactions in the transition state. Although deuterium isotope labeling 
experiments show that hydrogen transfer is direct, comparison of kinetic isotope 
effects with isotope discrimination studies (23) suggest that the transition state 
of this reaction may not be a simple transfer of hydride ion (see Section IV—2). 

Shinkat and Bruice (27, 22) recently have described the first example of a 
zinc-ion-catalyzed reduction of aldehyde by NADH and NADH analogs in aqueous 
solution. They found that 3-hydroxypyridine-4-carboxaldehyde derivatives are 
reduced by 1,4-dihydropyridines in aqueous methanol (52% by weight) at 30°. 
Furthermore, this reaction is subject to catalysis by divalent metal ions, including 
Zoll D, Eq. (9). The following apparent relative order for metal ion effectivenes 
was observed: Ni2+ > Co2+ > Zn2* > Mn?+ > Mg?+ > control. 





| 
CH,CH,CH, | 


CH,CH,CH, 


By analogy to the metal-ion-catalyzed reaction of pyridoxal derivatives with 
nucleophiles, e.g., imine formation (24), it is highly likely that the reduction pro- 
ceeds via the 3-hydroxypyridine-4-carboxaldehyde-metal ion complex. Coor- 
dination of the carbonyl oxygen both in the ground state and in the transition 
state is envisaged to facilitate hydride transfer by decreasing the electron density 
on the carbonyl carbon. 

Thus, in the above three examples, divalent metal ion appears to lower the 
activation energy of the reaction both by activation of the ground-state and by 
stabilization of the transition-state. 


2. Enhancement of Nucleophilicity, Facilitation of Nucleophilic Attack by Charge 
Neutralization, and the Template Effect 


The investigations carried out by Breslow and Chipman (25), Lloyd and Cooper- 
man (26), Sigman and Jorgensen (27), and Buckingham et al. (28), which are de- 
scribed below, demonstrate that divalent metal ion coordination of a weak acid 
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can greatly increase the effective nucleophilicity of the corresponding (anionic) 
conjugate base. This effect is augmented when both the nucleophile and the 
reacting substrate are prealigned by coordination to the metal ion. In certain 
instances where the substrate is highly negatively charged, coordination to zinc 
also can assist the attack of an anionic nucleophile, since Coulombic interaction 
between zinc ion and substrate can effectively neutralize the (repulsive) negative 
charge on the substrate. 

The enhancement of ligand nucleophilicity has its origins in the large pKa 
perturbations (3—4 pK, units) which result from coordination to the metal ion. 
These large pKa perturbations arise from the resultant Coulombic force field 
between the dipositively-charged zinc ion and the weak-acid dipole. This effect 
can be quantitatively described by Coulomb’s law when the effective dielectric 
constant of the microenvironment is considered [Kirkwood and Westheimer (29)]. 
The pKa perturbation obviously can bring about a large increase in the effective 
concentration of the nucleophilic species provided the pKa perturbation does not 
decrease nucleophilicity in a manner which is proportional to the decrease in 
basicity. 

Thus, Breslow and Chipman (25) have reported that the zinc ion-pyridine- 
2-carboxaldoxime anion [Zn(1I)—PCA] complex is an effective and specific nucleo- 
philic catalyst in the hydrolysis of both p-nitrophenylacetate (NPA) and 8- 
acetoxyquinoline-5-sulfonate (AQS), Eq. (10). 
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Ihe overall rate of AQS hydrolysis in the presence of 0.01 M Zn2* and 0.015 
M PCA is approximately 10-fold greater than the uncatalyzed rate. Under these 
conditions, hydrolysis of the acetylated intermediate is ten times slower than the 
acetylation step. Comparison of the rates of acetylation of PCA by NPA and 
AQS in the presence and in the absence of zinc ion indicates that acetylation by 
AQS proceeds vta the mixed zinc complex. Coordination to zinc ion perturbs the 
pKa of PCA from 10.04 to 6.5, although a nucleophilicity comparable to hydroxide 
is retained. 

Lloyd and Cooperman (26) have further investigated the Zn{II)-pyridine-2- 
carbaldoxime anion as a catalyst for the hydrolysis of phosphorylimidazole and 
N-methyl phosphorylimidazole. Reaction proceeds with both compounds via 
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rapid phosphoryl transfer from the phosphorylimidazole to the oximate oxygen 
of the Zn(II)—PCA complex. The transfer appears to occur vta a pre-equilibrium 
step involving ternary complex formation, since under the conditions 
[Zn(II)—PCA] >> [phosphorylimidazole], 

the pseudo first-order rate of phosphoryl group transfer saturates. Since rate 
saturation occurs with virtually the same concentration dependence at both pH 
4.8 and at 6.4, the imidazole nitrogen (the N-protonated mono-anion has a pKa 
of 6.8) can not be involved in complex formation. This conclusion is further sup- 
ported by the observation that N-methylphosphorylimidazole is an equally good 
substrate. These facts suggest that both phosphorylimidazole and N-methyl- 
phosphorylimidazolium are coordinated to Zn(1I)—PCA through the phosphoryl 
dianion moiety in the reactive ternary complex as illustrated in Eq. (11). 
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The transesterification of N-(8-hydroxyethyl)ethylenediamine by p-nitro- 
phenyl picolinate has been shown to be subject to zinc ion catalysis by Sigman 
and Jorgensen (27). Their investigations indicate that reaction very probably 
occurs through the formation of a ternary complex in which zinc ion functions 
both to lower the pKa of the hydroxyethyl moiety, and to serve as a template for 
the reaction. The high specificity manifest in this catalytic process is emphasized 
by the fact that no catalysis of acyl-group transfer occurs when N-($-hydroxy- 
ethyl)ethylenediamine is replaced by ethylenediamine, 1,5-diaminopentane, di- 
ethylenetriamine or aminoethanol. Furthermore, the reactions of the p-nitrophenyl 
esters of isonicotinic and acetic acids with N-($-hydroxyethyl)ethylenediamine 
are not subject to zinc ion catalysis. 

Zinc ion enhances the rate of transesterification relative to aqueous hydrolysis 
by ~180-fold, whereas hydrolysis catalyzed by zinc ion alone is increased ~33-fold, 
and transesterification in the absence of zinc ion is increased ~11-fold over 
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hydrolysis. While pointing out that these data do not uniquely define the structure 
of the reactive complex, Sigman and Jorgensen suggest that reaction proceeds via 
the ternary complex shown below: 


Reactive ternary complex 


The pKa of the Zn(II)-complexed f-hydroxyethyl moiety, as estimated from 
the pH-dependence of the observed rate of transesterification (assuming that the 
reaction is subject to a specific base-catalyzed reaction), is approximately 8.4. 
This corresponds to an estimated pKa perturbation of 3—4 units relative to the 
pKa of the free hydroxyethyl group. Although the authors make no mention of 
this point, the observed 33-fold increase in the rate of hydrolysis of p-nitrophenyl- 
picolinate by zinc ion raises the possibility that hydrolysis under these conditions 
occurs via an analogous mechanism involving the nucleophilic activation of coor- 
dinated (inner sphere) water. 

While the analysis of intermediates and/or products in the preceding examples 
unambiguously demonstrates the participation of zinc-coordinated nucleophiles 
in the chemical transformation, it generally is not possible to demonstrate un- 
equivocally that the activation of a coordinated water molecule assumes the 
same mechanistic significance in metal ion-catalyzed hydrolytic reactions. This 
happenstance, as pointed out by Breslow et al. (19), is due: (a) to the extremely 
labile nature of most aquo complexes, (b) to the invariance of water concentration 
in aqueous milieu, and (c) to the mechanistic ambiguity arising from the kinetic 
equivalance of the two mechanisms, A and B, illustrated below (here p-nitro- 
phenyl picolinate is used as the hypothetical example). 

Buckingham et al. (28) have been able to unambiguously show that the cobalt- 
(II)-catalyzed hydrolysis of glycine esters proceeds in dual pathways at ap- 
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proximately equal rates by mechanisms corresponding to A and B. In their 
investigation of the [Co(en)aX(Gly—OR)]*+* system, they find that only the 
halide ligand (X) is replaced by other ligands in aqueous solution during the 
course of the hydrolysis of Gly—O—Et to bound Gly and free ethanol. In the 
alkaline pH range, hydrolysis yields [Cofen)aGly]®* in a two-step process. Both 
steps are characterized by kinetic dependencies which are first-order in complex 
and first-order in hydroxide ion. Kinetic and product studies indicate that these 
two steps correspond to substitution of halide by H2O and to ester hydrolysis. 
Since these Co(III) complexes are exchange inert (that is, ligand exchange is a 
slow process) 180-labeling experiments were used to distinguish between mech- 
anisms A and B. Thus, when the reaction was run in 180-enriched water, the 
product was found to have incorporated close to one oxygen atom from the solvent. 
However, when carbonyl-180-[Co(en)aGlyOCH(CH 3) 2]?* is hydrolyzed in normal 
water, 45% of the 180 label is retained in the product. Furthermore, neither car- 
bony]-180-[Co(en) eGlyOCH(CHs3)2|3+ nor carbonyl-}80-[Co(en)eGly]2* exchange 
180 with the solvent and the position of the label does not scramble during the 
time required for hydrolysis. Buckingham et al. (28) conclude that the —50% 
distribution of label must arise from competing pathways which contribute 
equally to product formation. These pathways would appear to correspond to the 
two reactions illustrated below: 

As the authors point out, the available data do not distinguish between a 
pathway involving a common penta-coordinate intermediate, 7. e. [Co(en)>- 
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GlyOR]3+, which is then partitioned between the two pathways depicted above, 
and a pathway involving simultaneously occurring (dual) mechanisms involving 
(a) the internal Sy2 displacement of bromide ion by the carbonyl and (b) the 
Sn1B displacement of bromide ion by solvent water. Irrespective of this mecha- 
nistic ambiguity, these elegant studies provide an authentic example which 
demonstrates that water coordinated to Co(III) is an effective nuclecphile (pKa 
-~6) in the hydrolysis of glycine esters. 


IV. Catalysis by Zinc Metalloenzymes 


The general physical and chemical properties of several of the zinc-metalloenzymes 
discussed here have been the subjects of excellent comprehensive reviews by 
Coleman (30), Lindskog et al. (31), Lindskog (32), Harisuck and Lipscomb (33), 
Quiocho and Lipscomb (34), and Sund and Theorell (35). Therefore, it would serve 
no purpose to attempt a comprehensive review of zinc-metalloenzymes. For this 
reason, the present work is confined primarily to a review of the literature which 
pertains to the role(s) played by zinc ion in enzyme catalytic mechanism. This 
work is further restricted by limiting discussion to consideration of only those 
enzyme systems for which high resolution 3-dimensional X-ray structures are 
available. 


1. Structural and Chemical Properties of Zn-Metalloenzymes 


The high resolution, three-dimensional structures for the active sites of carboxy- 
peptidase (33, 34, 36—39), carbonic anhydrase (37, 40—42), thermolysin (43—46), 
and horse liver alcohol dehydrogenase (47) exhibit several structural features of 
the zinc(I[) coordination sphere which appear to be uniquely characteristic for 
catalytic zinc ion. In each of the above mentioned structures, the active site zinc 
ion is four-coordinate in the native enzyme, as shown in Fig. 2. Three of the four 
inner sphere ligands are derived from amino acid side chains, while the fourth 
ligand is invariably either a water molecule or hydroxide ion (Fig. 2). Furthermore, 
in each case the ligands are arranged in a distorted tetrahedral array about the 
zinc ion with the water (or hydroxide ion) facing out into a cavity or cleft which 
forms the substrate binding site-active site region on the enzyme surface. In con- 
trast, the high resolution structural information available for protein-bound zinc 
ion in systems where zinc 10n is believed to play only a tertiary or quaternary 
structural role do not conform to this structural pattern. For example, the two 
zinc ions present in the zinc-insulin hexamer are each hexa-coordinate (48). The 
six inner sphere ligands (Fig. 2 D, E) are positioned in an octahedral array about the 
zinc ion. Three of the six ligands (histidy] imidazolyl moieties) are derived from 
the insulin chains (one from each insulin dimer), while the remaining three ligands 
appear to be water molecules (Fig. 2D, E). 

The second zinc ion present in each horse liver alcohol dehydrogenase subunit 
is four-coordinate (47), and the four ligands are arranged in a tetrahedral array 
about the metal ion. However, all four ligands are derived from amino acid side 
chains (cysteinyl sulihydryls) contributed by the protein. In neither case is the 
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Fig. 2C. Thermolysin 


Fig. 2. Three-dimensional structural representations for zinc metall-oproteins. Comparison 
of the zinc ion-protein bonding interactions for zinc requiring enzymes (A—C) with the zinc- 
insulin hexamer (D, E). (A) Human carbonic anhydrase C, redrawn from Ref. (47) with per- 
mission. (B) Bovine carboxypeptidase Ay, redrawn from Ref. (30) with permission. (C) 
Bacillus thermoprotedyticus thermolysin, redrawn from Ref. (45) with permission. (D) and (E) 
Porcine Zn-insulin hexamer, taken from Ref. (48) with permission. The composite electron 
density maps in (D) and (E) show that each of the two zinc atoms present in the hexamer is 
within inner sphere bonding distance of three solvent molecules and three histidyl imidazolyl 
groups in an octahedral array about the metal ion. The position of one of the three equivalently 
positioned solvent molecules is indicated in (D). The electron density map in (E) shows the 
relative orientations of the three histidyl residues (His-B10). (The atomic positions of one of 
the three equivalent histidyl groups are shown) 
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Fig. 2 D, E. Insulin 
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zinc ion located at or near an obvious active site and/or ligand binding site cavity 
or cleft in the protein. It should be noted in this context that the two zinc ions 
present in the insulin hexamer lie on the three-fold symmetry axis, and that they 
are separated by an internal cavity which forms a core about which the protomers 
are situated. This core is occupied by a highly structured solvent matrix which is 
presumed to consist of water molecules arranged in a hydrogen-bonded (ice-like) 
lattice (48). 

The amino acid side chain residues which have been identified via X-ray 
structure determinations as ligands for active site zinc ion (see Fig. 2) include the 
histidyl imidazolyl moiety (e.g., carboxypeptidase, carbonic anhydrase, horse 
liver alcohol dehydrogenase), the cysteinyl sulfhydryl group (horse liver alcohol 
dehydrogenase), and the glutamyl carboxylate moiety (carboxypeptidase and 
thermolysin). It is not surprising that these amino acid side chains are involved 
in zinc-metalloenzyme coordination complexes since the donor atoms involved, 
amino nitrogen, carboxylate oxygen, and thiolate sulfur, form relatively affine 
complexes with zinc ion in aqueous solution. Within the relatively large limits 
of error inherent in the 3-dimensional protein X-ray structure determinations, 
the donor-atom zinc-ion bond-lengths in each case are reported to be normal: 
2.0—2.2 Å for N-Zn, and 2.0—2.1 Å for O-Zn bonds, (compare with Fig. 1). 

The presence of an inner sphere water molecule (or hydroxide ion) at the 
fourth ligand site for catalytically essential zinc ion introduces questions which 
are central to an understanding of the role(s) played by zinc ion in the catalytic 
mechanism. Does zinc ion activate the water molecule for direct participation in 
the chemical transformation — t.e., as an acid-base catalyst, or as a nucleophile? ; 
or, does zinc ion function as a Lewis acid in the activation of substrate chemical 
bonds? In the latter case, inner sphere coordination of substrate most probably 
would be preceded by displacement of the inner sphere water molecule, although 
ligand exchange mechanisms involving a penta-coordinate transition-state and/or 
penta-coordinate intermediate(s) can not be excluded a prior: as possibilities. 

Neither the X-ray structural information nor the kinetic information in hand 
unambiguously resolves this question for any one of the enzymes for which high 
resolution structural information is available. This is partially a consequence of 
the ambiguity inherent in any attempt to construct a catalytic mechanism based 
primarily on a structural and/or chemical knowledge of stable (ground-state) 
enzyme-inhibitor or enzyme-quasisubstrate complexes. Note that these con- 
siderations are equally apropos to other physico-chemical techniques (e.g., UV- 
visible, IR, NMR, and ESR spectroscopic techniques) when applied to the 
investigation of those species detectable at equilibrium. Furthermore, the avail- 
able kinetic information pertaining to the composition of the transition state(s) 
for the chemical step(s) is insufficient to allow the resolution of this question. 

It is important in the context of this discussion to note that those inhibitors 
or quasisubstrates which are both good structural and good chemical analogs 
of substrate are almost without exception weak ligands for zinc (as invariably 
is the case for substrate). Consequently, intermediates on the reaction pathway 
to products which conceivably could involve inner sphere coordination between 
substrate (or analog) and the active site zinc ion may not be easily detected by 
direct observation since they are likely to be relatively high energy species. 
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It is primarily for the above reasons that, in the view of this author, it is not 
yet possible to unequivocably define the mechanistic role played by zinc ion for 
any zinc-enzyme. Nevertheless, with the exception of thermolysin, it is possible 
to arrive at reasonable mechanistic hypotheses for the various zinc enzymes 
considered in this review through the examination of data derived from both 
kinetic studies and from studies at equilibrium through judicious application of 
the “anthropomorphic” approach to the description of reaction mechanisms (50). 


2. Alcohol Dehydrogenase from Equine Liver 


The alcohol dehydrogenase isolated from horse liver (LADH) [E.C.1.1.1.1.], 
MW 80,000, is available as a highly purified, crystalline material composed of 
two (or more) isozymes (57), one of which is present in >90%. The general phys- 
ical and chemical properties of this zinc enzyme have been reviewed by Sund and 
Theorell (35). This nicotinamide-adenine dinucleotide oxidoreductase catalyzes 
the aldehyde-alcohol interconversion shown in Eq. (16). 


Keg 
RCHO + NADH + H® => RCH20H + NAD® (16) 
[RCH20H] [NAD®] 


Kea = [RCHO[ [NADH] [H+] 





Equilibrium is thermodynamically in favor of alcohol formation in the physi- 
ological pH range for most aliphatic and aromatic aldehydes To e, Keg =1.25 x 
1012M-1 for acetaldehyde (35)}. While it has often been assumed that ethanol 
and acetaldehyde are the physiologically significant substrates, there appears to 
be as much evidence against the validity of this assumption as there is for it. 
Alternative suggestions for the physiological role of this enzyme range from the 
production of steroid alcohols (57) to the oxidation of w-hydroxy fatty acids (52) 
to a general detoxification role in the liver. 

The specificity of the horse liver enzyme for substrate is rather broad: turnover 
numbers for aldehydes of widely varying structure (e.g., acetaldehyde vs. $- 
napthaldehyde) exhibit only a 25-fold variation in keat. In contrast, coenzyme 
specificity is quite restrictive. The early studies of Anderson et al. (53, 54) and 
more recently of Brellmann et al. (55) indicate that the nicotinamide ring can be 
chemically altered only at the 3-position without destroying the chemical func- 
tionality of the dinucleotide. Furthermore, the activity of coenzyme analogs 
chemically altered at the 3-position is highly sensitive to the electronic and steric 
nature of the chemically modified substituent (35). 

The native (dimeric) enzyme consists of two (40,000 dalton) subunits composed 
of covalently identical amino acid chains (47, 56). Each subunit has been shown to 
contain two gram-atoms of zinc ion per subunit, one of which is essential for 
catalytic activity (37—64). And each subunit, as will be discussed in more detail 
below, contains a coenzyme binding site which is adjacent to one of the two zinc 
ions (47). 

The pH dependence of the apparent dissociation constants for the binary 
enzyme-NAD* and enzyme-NADH complexes for the native enzyme are compared 
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pH 


Fig. 3. Dissociation constants of NAD (A) and NADH (B) from apo- (@) and native (O) 
enzymes as a function of pH. The Ky’s for NAD from apoenzyme were obtained by equilib- 
rium dialysis and for NADH by fluorescence polarization. The Ka’s for NAD and NADH 
from the native enzyme were obtained from Ref. (65) with permission. The figure is taken 
from Ref. (63) with permission 


in Fig. 3 to the corresponding apparent dissociation constants for the zinc-free 
(apo-) enzyme (63, 65). The remarkable differences in the pH dependence of the 
affinities of native enzyme for oxidized and reduced coenzymes are strongly 
indicative of the interaction of one (or more) ionizable groups at the site with 
bound coenzyme. Taniguchi et al. (66) have calculated that the pH-dependencies 
of coenzyme binding to the native enzyme can be interpreted as resulting from the 
perturbation of a single residue at the site of pK, 8.6 in the native enzyme. 
Dalziel (67) has presented evidence from steady-state kinetic studies which indicate 
that there may be more than one ionizable residue involved. The lowering of the 
intrinsic pK, of one (or more) ionizable groups by as much as 1.9 pK, units in 
the enzyme-NAD*+ complex (viz. Fig. 3) must almost certainly arise from Cou- 
lombic interactions between the positively-charged nicotinamide moiety of NAD+ 
and the ionizable residue(s) when placed in close proximity. 

The existence of such a pK, perturbation finds additional support from kinetic 
studies (Fig. 4) which unequivocably establish that the displacement of enzyme- 
bound NAD+ by NADH at pH 8.8is accompanied by the net uptake of approxi- 
mately one mole of hydrogen ion from solution per mole of NAD* displaced (68). 

The increase in the apparent pKa of the ionizable residue from ~8.6 in the 
native enzyme to ~9.5 in the enzyme-NADH complex (assuming a single ioniz- 
able group is involved) can be attributed to a screening effect. The neutral, essen- 
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Fig. 4. Representative stopped-flow traces comparing the time course for the formation of the 
enzyme-NADH binary complex measured at 365 nm (trace A) with the time course for the 
uptake of hydrogen ions as measured by the Thymol Blue spectral changes at 650 nm (trace 
B). Trace C measures the optical density at 330 nm, the isobestic point for the two NADH 
species: enzyme bound and free in solution, see insert to this figure. Traces A and C were 
measured in 0.5 mM sodium pyrophosphate buffer (pH 8.80 + 0.1). In trace B, 0.65 mM 
Thymol Blue, pH 8.8+0.1, is the dominate buffer ion present in solution. Conditions: E, 
10.6 uN; NAD+, 23.9 uM; NADH, 94.1 uM; Thymol Blue, 0.384 mM; pH 8.8 + 0.1 and 25.0 + 
0.2°. The net optical density changes (corrected to the values expected for a 1-cm light path) 
at 365 and 650 nm are 0.0120 and 0.0125 optical density, respectively. The insert to this figure 
compares the spectrum of NADH free in solution with the spectrum of enzyme-bound NADH. 
Taken from Ref. (68) with permission 


tially non-polar nicotinamide moiety of NADH is envisaged to effectively screen 
the ionizable group from the aqueous/polar environment of the coenzyme-free 
site, thereby increasing the free energy requirements for ionization within the 
complex. 

The recent work of /werbo and Weiner (62) and Coleman ei al. (63) provide 
evidence which shows that zinc ion plays an essential role in determining the pH 
dependencies of coenzyme binding. Their work (see Fig. 3) demonstrates that the 
aforementioned pH-dependence of site affinity for coenzyme is lost in the zinc- 
free (apo-) enzyme. However, note in Fig. 3 that the apo-enzyme retains the same 
high affinities both for NAD+ and for NADH exhibited by the native enzyme at 
the respective pH optima for complex formation. Thus, while the pH-dependence 
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of coenzyme binding is critically dependent on the presence of zinc ion at the active 
site, it is unlikely that coenzyme binding involves inner sphere coordination 
to zinc ion. As will become apparent in the discussion which follows, the features 
of the three-dimensional structure at 2.4 A resolution (47) leave little doubt but 
that the coordinated water molecule is the ionizable group which regulates the 
pH dependence of NAD+ binding. 

With the exception of the recent equilibrium binding studies of Everse (69) 
there is no evidence from equilibrium binding studies for the presence of either 
homotropic or heterotropic allosteric binding interactions between coenzyme 
and/or substrate binding sites on the two subunits. Nevertheless, the presence 
of bound coenzyme has a profoundly “cooperative” effect on the affinity of the 
enzyme for substrates or substrate-analogs which compete for the substrate 
binding site. The synergism between coenzyme binding and substrate (or analog) 
binding at the same site is manifest in large increases in the apparent affinity of 
the enzyme site for both coenzyme and substrate, or analog (35, 65, 70—72). 
Furthermore, the ligand binding specificity of the coenzyme-enzyme complex is 
critically dependent upon the coenzyme oxidation state. These oxidation-state- 
dependent differences in ligand affinities adhere to a pattern which appears to 
reflect the chemical differences between bound NAD* and bound NADH. For 
example, aliphatic and aromatic primary amides form complexes only with the 
binary E-NADH complex, while aliphatic carboxylic acid anions exhibit a high 
affinity only for the binary E-NAD* complex (35, 70). In the latter case, a highly 
favorable Coulombic interaction within the ternary complex involving the car- 
boxylate anion and the pyridinium ion moiety of NAD* no doubt accounts for 
the large affinity increase. While the factors which contribute to the stabilization 
of the enzyme-NADH-amide ternary complexes are not as obvious, there is strong 
circumstantial evidence in support of the view that amide affinity is primarily 
a function of the lipophilic character of the amide, and secondarily, a function 
of the polarizability of the amide (73, 74). Since electron-releasing substituents 
generally contribute to an increased affinity for benzamides, Sarma and Woronick 
(74) and Hansch et al. (73) conclude that the amide carbonyl moiety interacts 
with the site through the amide carbonyl oxygen (presumably og inner sphere 
coordination to the active site zinc ion). 

Comparison of equilibrium constants for the dissociation of acetaldehyde 
from the enzyme site in the absence of coenzyme (Ks œ 2.7 x 10-1M) (75) with 
the Michaelis constant for acetaldehyde (Km =2.1 x 10-4M (35)) indicates that 
the presence of bound coenzyme increases the affinity of the site for this sub- 
strate >50-fold.1) Somewhat larger differences in apparent affinity are found 
for other substrates (35, 72, 75, 78). 


1) The Michaelis constant for substrate measures the overall affinity of the E(coenzyme) 
binary complex for all substrate species on the reaction pathway. This gross “affinity” is 
expressed by the relationship: 
yi [E(coenzyme)] [S] [E(coenzyme)] [S] 
a [EoJ)—[E] 
where P = product and 
X; =the ith intermediate on the reaction pathway. 





[E(coenzyme, S)] + [E(coenzyme, P)] + 5 [EX;] 
t=1 
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In the case of the isobutyramide-NADH-enzyme ternary complex, the 
affinity of the enzyme-NADH binary complex for isobutyramide is increased by 
a factor of ~102 relative to that of the native enzyme in the absence of NADH 
(35, 70, 75), and the apparent affinity of the enzyme for NADH is increased by a 
similar factor in the presence of saturating isobutyramide concentrations (35, 70). 

As demonstrated by the classical steady-state kinetic studies of Theorell 
and Chance (76), and by the elegant studies of Wratten and Cleland (77) and 
Dalziel (67), the synergism between coenzyme and substrate binding conveys a 
kinetically discernible sequence to the binding of coenzyme and substrate. 
The binding of coenzyme is an obligatory (compulsory) step for substrate binding. 
Release of products from the enzyme site occurs wa the microscopic reversal of 
this sequence. The sequential relationship between binding steps and the redox 
step(s) for the overall transformation is summarized in Eqs. (17—21). 


E + NADH —— E(NADH) (17) 
E(NADH) +S == E(NADH,S) (18) 

H® + E(NADH,S) ee e E(NAD®,P) (19) 
E(NAD®,P —— E(NAD®) +P (20) 

E(NAD®) —— E + NAD® (21) 


In the physiological pH range, the specific first-order rates of dissociation of 
both NAD+ and NADH from their respective binary complexes are slow relative 
to the rate of the chemical transformation. Indeed, Bernhard et al. (78) have shown 
that for aldehyde reduction the chemical step occurs at an overall rate which is 
one to two orders of magnitude greater than the steady-state turnover rate. 
Hence, for many substrates, the velocity of substrate turnover under steady- 
state conditions is limited by the rate of dissociation of coenzyme product (78— 
80). The steady-state kinetic studies of Wratten and Cleland (77) and the rapid 
(transient-state) kinetic studies of Bernhard et al. (78), McFarland and Bernhard 
(80), Luist and Favilla (81), and Dunn (68) have shown that for certain aromatic 
aldehydes, release of the aryl alcohol product from the site determines the steady- 
state rate. 

In recent years, the stopped-flow rapid-mixing kinetic technique and, to a 
lesser extent, the temperature perturbation of equilibrium (temperature-jump) 
technique have been used by a number of workers (68, 72, 79—86) to investigate 
individual steps in the above reaction scheme. Much of this work has been directed 
toward the investigation of the relationship between catalytic mechanism and 
subunit function in the dimeric enzyme. Since the scope of this review is limited 
to consideration of the involvement of zinc ion in the mechanism of the chemical 
transformation, no discussion of subunit function is presented here. Those readers 
who wish to pursue this aspect of LADH catalysis are referred to the original 
literature (68, 72, 79—86) and to the excellent reviews which have recently 
appeared on this subject (87, 88). 

The rapid kinetic investigations of Bernhard ei al. (78) were carried out under 
experimental conditions which limit the extent of reaction to a single turnover 
of those sites which encounter substrate by placing enzyme and one reactant 
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(NADH or aldehyde) in excess of the other reactant. Under these conditions, the 
chemical conversion of aldehyde to alcohol occurs with a (saturated) apparent 
first-order rate constant of 200 to 400 sec~1. This process, as measured either by 
the disappearance of NADH or by the disappearance of chromophoric aldehyde, 
has been shown by McFarland and Bernhard (80) to be subject to a primary, 
kinetic isotope effect ky/kp =2 to 3 when stereospecifically labeled (4-R)-deuterio 
NADH is compared to isotopically normal NADH. Shore and Gutfreund (84) 
earlier had investigated substrate kinetic isotope effects on the pre-steady-state 
phase of ethanol oxidation. Their studies demonstrated that the rate of the pre- 
steady-state burst production of NADH is subject to a primary kinetic isotope 
effect, ku/kp ~ 4-6 when 1,1-dideuterio ethanol is compared to isotopically normal 
ethanol, and that there is no primary kinetic isotope effect on the steady-state 
rate. It can be concluded from these studies: (a) that the rate of interconversion 
of ternary complexes [e.g., Eq. (19) above], as already mentioned, is rapid relative 
to turnover, and (b) that the transition-state for the rate-limiting step in the inter- 
conversion of ternary complexes involves carbon-hydrogen bond scission and/or 
carbon-hydrogen bond formation. 

Jacobs et al. (86) have compared the electronic substituent effect on the rate 
of sodium borohydride reduction vis d vis the LADH-catalyzed reduction (under 
transient-state kinetic conditions) for a series of para-substituted benzaldehydes. 
In contrast to the large electronic substituent effect observed in the sodium boro- 
hydride reaction (the rate ratio kp-cı/kp-ocm; is ~100), the LADH catalyzed 
reaction was found to show almost no electronic substituent effect (Rp-c1/Rp-ocHs ~ 
2). As these authors point out, the near absence of an electronic substituent effect 
is unexpected in view of the above-mentioned primary kinetic isotope effects if 
reaction is assumed to be a simple hydride transfer process. These authors (86) 
suggest that the unexpectedly low substituent effect may reflect a transition- 
state for the enzymatic process which, in comparison to borohydride reduction 
is considerably shifted along the reaction coordinate toward the E(NADH, ald) 
ternary complex. Assuming a hydride-transfer process obtains, these authors 
point out that any interaction with the carbonyl group which significantly in- 
creases the positive character of the carbonyl carbon could explain the low 
electronic substituent effect. On the basis of this argument, they conclude that a 
mechanism in which zinc ion acts as a Lewis acid catalyst in facilitating hydride 
transfer between coenzyme and substrate is consistent with the small substituent 
effect. However, it should be noted that the small electronic substituent effect 
also is consistent with a free radical mechanism involving hydrogen atom transfer 
in the transition-state of the reaction. 

The stopped-flow rapid-mixing and temperature-jump kinetic studies from 
the author’s laboratory (72, 89) which describe the reaction of the enzyme-NADH 
complex with the intense chromophore, trans-4-N,N-dimethylaminocinnamalde- 
hyde (DACA) (Amax 398 nm, emax 3.15 x 104M-1cm-1) provide direct evi- 
dence for the involvement of zinc ion as a Lewis acid in the activation of the 
aldehyde carbonyl for reduction. These studies show that reduction of DACA 
involves the formation of a transient chemical intermediate (Amax 464 nm, 
Emax ~6.2 x 10-4M-Icm-!) in the neutral pH range. At pH values above 
9 and in the presence of high enzyme concentrations, the transient speciesobserved 
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Fig. 5. UV-visible spectral properties of the DACA-enzyme-HzgNADH and DACA-enzyme- 
NADH systems. The traces in (A) compare the spectrum of DACA (Amax 398 nm) with the 
spectrum of the intermediate (Amax 468 nm) derived from the reaction of DACA with the en- 
zyme-H2NADH complex on 0.1 M sodium phosphate buffer, pH 6.98, at 25+ 1°. These spectra 
were measured using double difference (split compartment) cuvettes. The configuration of 
solutions used in the determination of the spectra in (A) are as follows: For the spectrum 
of DACA the sample cuvette contains enzyme, 85.5 uN and HgNADH, 286 uM in one com- 
partment (total vol. 1.10 ml) and DACA, 8.02 uM on the second compartment (total vol. 
1.10 ml); the reference cuvette contains an equal volume of the identical enzyme-HgNADH 
solution in one compartment, and 1 ml of buffer in the other compartment. The spectrum of 
the intermediate was obtained by mixing the contents of the sample cuvette and recording 
the spectrum of the resulting reaction mixture. Note that under these experimental conditions, 
the conversion of DACA to intermediate is nearly complete. The traces in (B) compare the 
spectrum of DACA with the spectrum of the intermediate (Amax 464 nm) derived from the 
reaction of DACA with the enzyme-NADH complex in 0.1 M sodium carbonate buffer, pH 
9.63, at 25+0.1°. The spectrum of DACA and the spectrum of the intermediate were ob- 
tained as in (A). The conversion of DACA to intermediate also is nearly complete under these 


conditions; furthermore, the net conversion of intermediate to products is negligible at this 
pH 


at lower pH values becomes a relatively stable species (Fig. 5). Below pH 9, the 
intermediate decays in a pH-dependent step to an equilibrium mixture consisting 
of trans-4-N,N-dimethylaminocinnamyl alcohol, NAD+, and intermediate at a 
rate which is 2 to 3 orders of magnitude slower than the apparent rate of inter- 
mediate formation [Eq. (22, 23)]. Investigation of the mechanism of intermediate 
formation via uv-visible spectroscopy and temperature-jump kinetic studies (72) 
show that intermediate formation is a simple, reversible process [Eq. (22)] which 
is pH-independent over the pH range 6 to 10.5. 
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k 


1 
E(NADH) + DACA == E(Intermedaite) (22) 
ky 
E(Intermediate) + Ht ——...... <=> E+ NAD+ + Alcohol (23) 


At 31°, the specific rate constants for the forward and reverse process are 
kı =4 to 6x 10’M-1 sec! and k_ı ~ 280 sech Subsequent investigations (89) 
have shown that the coenzyme analog 1,4,5,6-tetrahydronicotinamide-adenine 
dinucleotide (HaNADH) will substitute for NADH in the formation of a stable 
chromophoric species (Amax 468 nm, emax 5.8 x 10*M-Icm-1) (see Fig. 5) which 
is structurally analogous to the transient species formed in the presence of NADH. 
This is a particularly striking finding since HgNADH is chemically inert in the 
LADH-catalyzed oxidoreduction reaction (90). Neither NAD+, adenosine-di- 
phosphoribose (ADPR), nor adenosine monophosphate (AMP) will function in 
place of NADH (or HgNADH) in the process of intermediate formation. Thus, 
for this system, the previously noted oxidation-state-dependent differences in 
ligand affinities is manifest in the form of an absolute requirement for reduced 
dinucleotide in order for the first step, Eq. (22), to occur. 

The chemical properties of the 1,4,5,6-tetrahydronicotinamide ring virtually 
exclude the possibility that formation of the chromophore involves covalent 
chemical bond formation between DACA and reduced dinucleotide. Therefore, 
we have concluded that reduced dinucleotide plays a heretofore unsuspected 
effector role in facilitating this reaction. Both NADH and HgNADH bring about 
the same crystallographically identifiable conformational change in LADH, 
(E. Zeppezauer, C.-I. Bränden and H. Ekland, unpublished results). Together, 
these findings directly demonstrate that coenzyme binding stabilizes the catalytic- 
ally active enzyme conformation state, and thereby plays a noncovalent role in 
effecting the chemical activation of substrate. 

Dunn and Hutchinson (72) and Dunn et al. (89) conclude that only a structure 
involving inner sphere coordination of the carbonyl oxygen of DACA to the 
active site zinc ion, as depicted in Scheme I, can explain: (a) the pH-independence 
of the process, (b) the magnitude of the spectral red shift in the chromophone 
spectrum (60—70 nm), (c) the rapid formation rate constant (~4 x 107M-1sec!), 
and (d) the absence of a primary deuterium isotope effect on the rate of interme- 
diate formation. 

The high resolution X-ray structural studies of the native enzyme, the enzyme- 
ADPR binary complex, and the enzyme-o-phenanthroline binary complex (47) 
have revealed that the active site zinc ion is located some 20 A below the surface 
of the protein at the point of convergence of two deep clefts (see the schematic 
representation in Fig. 6). One of these clefts has been identified as the coenzyme 
binding cleft (47). This cleft extends from the surface of the subunit to the zinc 
ion. If a model of NADH is fit to the coordinates of the ADPR binding site, then 
the nicotinamide ring can be oriented in such a way that it fits into a pocket 
adjacent to the zinc ion (47). The second deep cleft, or channel, also extends 
from the surface of the subunit down to the zinc ion. The inner surface of this 
cleft is made up of nonpolar amino acid residues contributed by both subunits. 
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SCHEME I 





a LADH = horse liver alcohol dehydrogenase. 
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Fig. 6. Sketch of the horse liver alcohol dehydrogenase-adenosine-diphosphoribose (ADPR) 
binary complex in the region of the active site. ADPR lies in an ~20 A-deep cavity which 
extends to the metal ion (as indicated). The second cavity (~20 A deep also) is believed to be 
the substrate binding site (47) 
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The structure of the enzyme-o-phenanthroline binary complex shows that o- 
phenanthroline occupies this cleft while coordinated to the active site zinc ion. 
Note that the LADH zinc ion o-phenanthroline complex is pentacoordinate. 

As already described in the general discussion which precedes this section, 
the active site zinc ion of the native enzyme has a water molecule coordinated 
to the fourth ligand site. This water molecule is positioned within hydrogen- 
bonding distance of the hydroxymethyl oxygen of serine residue 48. The serine 
hydroxyl group in turn is located within hydrogen bonding distance of the N-1 
nitrogen of a histidyl imidazolyl group (residue 51). The N-2 nitrogen of this 
histidyl group (Fig. 6) extends into aqueous solution (47). This histidyl imidazolyl 
group is completely isolated from both clefts by intervening amino acid residues 
and, therefore, is unlikely to be involved in catalysis vta direct bonding inter- 
actions to either coenzyme or substrate. Brändén et al. (47) suggest that the 
Zait OH: ..OH(Ser—48). . .N(His—51) system may function as a “proton 
charge relay” as shown in Eq. (24). 


Np L; 
Za? Zn 
H-0 H-O° 
H H 
OH? | 
CES (48) == O—Ser (48) (24) 
| 
N- His (51) N~ -His (51) 
ai I 
N N 
H + H,O 


This suggestion offers a plausible explanation for the afore-mentioned pH- 
dependencies of NAD+ and NADH binding to the native enzyme, as shown in Eq. 
(25), if it is assumed that the ionization of the water molecule affects the site 
affinity for coenzyme (47). 








| NP 
KH KS ke m, 
H-0 X aD es Hoe __N°-(ADPR) 
|. # | 3 
D oam NADH S NAD® { NE, 
(48) O-Ser (48) <== 0-Ser(48) +H? 
H H H 
; a | 2 ae (25) 
N~ Ais (51) N- His (51) N- His (51) 
IT dr CT 
X i i 
H H , 
NADH NAD 
HE(NADH) = HE = E(NAD®P) +H® 
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Since there appear to be no other ionizable groups in close proximity to the 
presumed nicotinamide binding site, this explanation appears to be highly 
likely. Bränden further proposes that this “charge relay” system plays an acid- 
base catalytic role in the chemical transformation. A mechanism consistent with 
this suggestion is shown in Scheme II. 
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Note that this mechanism postulates that the inner sphere water molecule is 
displaced by substrate during ternary complex formation, and that the substrate 
oxygen atom occupies the site vacated by the water molecule. This arrangement 
provides a facile pathway for proton donation to, or abstraction from, the sub- 
strate as demanded by the overall course of the reaction. This mechanism accom- 
modates most, but not all, of the steady-state and transient-state kinetic informa- 
tion on pH effects (see, for example, Ref. 65, 67, 68, 85). Both the pre-steady- 
state kinetic experiments of Shore et al. (85) on the time-course of proton release 
during alcohol oxidation, and the transient-state kinetic experiments of Dunn 
(68) on the time-course of proton uptake during aldehyde reduction are in quali- 
tative agreement with this proposal. Both studies show that proton transfer 
occurs in a step which is different from the oxidoreduction step. Shore et al. (85) 


89 


M. F. Dunn 


found that the pre-steady-state burst appearance of NADH observed during the 
oxidation of ethanol (as discussed above), is preceded by a still more rapid burst 
release of protons from the enzyme site. The pH-dependence of the amount of 
hydrogen ion released is shown in Fig. 7. Dunn (68) has found that, under the 
single-turnover conditions of [NADH)o >[E]o >[S]o, proton uptake during the 
reduction of 4-(2’-imidazolylazo)-benzaldehyde at pH 8.8 occurs at the (slow) 
rate of product dissociation from the site, although the time-course of the aldehyde 
optical-density changes show that a net transformation of substrate to product 
occurs on a much faster time scale. Shore et al. (85) propose that H+ release from 
the E (NAD+, alc) complex (Fig. 7) occurs via ionization of Zn (II)-coordinated 
HsO, not the ionization of alcohol (viz. Scheme II). Furthermore, they propose 
a general acid-base catalytic role for this Ha molecule in the oxidoreduction 
step. 





Fig. 7. pH dependence of proton liberation in the formation of alcohol dehydrogenase binary 
and ternary complexes. Concentrations of enzyme, NAD* and trifluoroethanol were 100 uN, 
2 mM and 0.5 mM respectively at pH values of 7.0 to 8.5 and 100 uN, 5 mM and 10 mM at pH 
values below 7. A. proton release due to NAD+ binding; @, additional proton release due to 
trifluoroethanol binding; O , additive protons due to ternary complex formation. Taken from 
Ref. (85) with permission 


If, as suggested in Scheme II, the inner-sphere coordinated water molecule 
is displaced by substrate in the ternary complex, then, as discussed in Section 
II-2, dissociation of coordinated H2O (assuming either an Snl mechanism or 
an addition-elimination mechanism) places an upper limit on the rate at which 
substitution by substrate can occur. Therefore, it is of particular interest to note 
that the bimolecular process of intermediate formation observed for DACA, 
4—6 x 107M-1 sec! (72), is comparable in magnitude to the apparent second- 
order rate constants observed for ligand substitution of inner sphere H20 from the 
zinc-aquo complex, ~3 x 107M~! sec~! (2—5). The (perhaps fortuitous) similarlity 
of these rate constants suggests that the rate of dissociation of inner sphere water 
from an NADH-E-Zn(H20)2+ complex limits the rate of enzyme-DACA combina- 
tion. 

The detailed mechanism of the redox step (23, k3, Scheme II) has been the 
subject of considerable speculation (65, 91—96). Hamilton (95) has reviewed 
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several possible mechanisms, and he presents a strong case for biological oxi- 
doreduction mechanisms in which “hydride ion” is transferred as H+ +2e7 via 
addition-elimination processes rather than as H- or as H-+e-. Still, other 
possibilities have been discussed by Bruice and Benkovic (96) and Kosower (93). 
These mechanisms can be divided into three general classes: {a} simple hydride 
transfer mechanisms [Eq. (26)], (b) mechanisms involving adduct formation 
and interconversion within a cyclic transition state [Eq. (27)], and (c) free radi- 
cal mechanisms (bo (28)]. 
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It is meaningful to draw a distinction between the mechanisms of Eqs. (26) 
and (28) only if radical ion pairs such as those shown in Eq. (28) correspond to 
metastable species along the reaction pathway rather than to a transition-state 
configuration of reacting species. The deuterium isotope discrimination studies 
of Creighton et al. (23), see Section III-1, indicate that such species may be im- 
portant in model systems. The experimental evidence presently available does not 
rule out any one of these three classes of mechanisms. Indeed, in this author’s 
opinion, an unequivocable statement concerning the mechanism of the redox 
step will only be possible if a more definitive set of experimental observations is 
forthcoming. 


3. Human Carbonic Anhydrase C 


Carbonic anhydrase (E.C.4.2.1.1) is noted for its virtually ubiquitous presence in 
the tissues of the higher plant and animal species. It is present in particularly 
large quantities in mammalian erythrocytes where its physiological function in- 
cludes both the rapid dehydration of bicarbonate in the lungs, and the rapid 
hydration of carbon dioxide produced as a consequence of metabolism in other 
tissues (37, 97). The human erythrocyte (97) contains two major forms of carbonic 
anhydrase, the B form and the C form, both of ~ 30,000 molecular weight (37). 
The two forms show considerable sequence homology, and each consists of a single 
polypeptide chain of ~260 amino acids. Both forms have been completely se- 
quenced only recently (98, 99). Both enzymes contain a single, tightly-bound 
zinc ion which is essential for catalytic activity (700). It has been possible to 
replace this zinc ion with a variety of divalent metal ions (Table 2), but only the 
cobalt(II) substituted enzyme retains a catalytic activity which is comparable to, 
or slightly greater than, that of the native enzyme. 


Table 2. Relative activities of divalent metal ion 
substituted human carbonic anhydrase derivatives?) 


Metal ion?) Relative Relative rate 


derivative COg hydration ofp-nitrophen- 
activity ylacetate 
hydrolysis 

Apoenzyme 1.3 1.2 
Mn(II) B 1.3 5 
Co(II) B 20 120 
Ni(II) B 2 4.5 
Cu(II) B 0.4 6.9 
Zn(II) B 30 37 
Zn(II) € 100 100 
Cd{II) B 1.4 2.7 
Heil B 0.02 1.2 


a) Values calculated from data given in Ref. (30). 
b) B and C refer respectively to the human Band C 
isozymes. 
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In addition to the reversible hydration of CO2 [Eq. (29)] 


COs L Hai == HCO$ + H® (29) 


carbonic anhydrase has been found to catalyze the hydration of various aldehydes 
(701), to catalyze the hydrolysis of reactive esters such as p-nitrophenylacetate 
(102—104), and to catalyze the hydrolysis of 2-hydroxy-5-nitro-d-toluenesulfonic 
acid sultone (705). 

In a series of brilliant crystallographic studies, the x-ray crystallography 
group at the University of Uppsala (40—42, 106) has solved the structure of human 
erythrocyte carbonic C to a resolution of 2 Ä. This group also has given a prelim- 
inary report on the structure of the B isozyme, and the full details of this structure 
should be available in the near future. In addition to the structure of the native 
C enzyme, the structures of a variety of enzyme inhibitor complexes have been 
solved (40, 47). 

The structure of the carbonic anhydrase active site region (corrected to agree 
with the recently completed amino acid sequence) is shown in Fig. 8. The notable 
features of the active site region include, in addition to the distorted tetrahedral 
ligand field about the zinc ion, an active site cavity which is made up of moderately 
polar side chain residues. The electron density maps in the region of the active 
site cavity show peaks of electron density which can not be accounted for as main 
chain or side chain protein residues. In the various inhibitor complexes, some or 
all of these densities are displaced depending on the bulk of the inhibitor. Liljas 
et al. (42) have proposed that these densities arise from an ordered, ice-like, water 
structure involving at least nine water molecules (including the zinc-bound H20) 
which are hydrogen-bonded to each other and to the polar side chain residues 
(e.g., Gln-66, His-63, Gln-91 and Gln-139) within the cavity as depicted in Fig. 8 A. 
The hydroxyl group of Thr-197 (see Fig. 8) is located within hydrogen-bonding 
distance of the inner sphere water molecule at the bottom of the active site 
cavity. His-63 is located about 6 A from the zinc ion near the entrance to the 
cavity (42). Where sequencing information is available for other carbonic anhy- 
drases, both Thr-197 and His-63 are present (37, 98, 99). 

The refined coordinates for a number of inhibitors bound to the active site of 
carbonic anhydrase C are now available, Bergstén et al. (47). The inhibitors of 
direct interest to the following discussion of mechanism fall into two classes: 
mono-anions (e.g., halides, thiocyanate) and aryl (or aromatic heterocyclic) sul- 
fonamides. Without exception, the donor atoms of both classes of inhibitors replace 
the zinc-bound water molecule and occupy a position which is within bonding 
distance of the active site zinc ion. Nevertheless, on the basis of distances found 
in model systems (see Section II-1) the zinc ion-donor atom distances (Table 3) 
are somewhat longer than expected, and their lengths decrease on going from 
pH 8.5 tg pH 7.2 (47). In this context it should be mentioned that the normal 
bond distance for the inner sphere coordinated water is 2.0 A (40). In all of the 
structures investigated thus far, the hydroxyl group of Thr-197 is positioned within 
hydrogen-bonding distance of the inhibitor. (The hydroxyl oxygen is located 
4.5 A from zinc ion in the native enzyme). This hydroxyl group hydrogen-bonds 
directly to the donor atom in the anion complexes. The sulfonamide complexes 
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Fig. 8. Three-dimensional representations showing the structural details of the human carbonic 
anhydrase C active site for: (A) the native enzyme, (B) the enzyme-iodide ion complex, and 
(C) the enzyme-salamide complex. Taken from Ref. (47) with permission. The residues number- 
ed 1—9 in (A) are believed to be solvent molecules (presumably water molecules). Residue 1 
occupies the fourth ligand site in the inner coordination sphere of the active site zinc ion. 
The atomic positions (solid spheres) of the sulfonamide inhibitor, salamide, are indicated in (C) 
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Table 3. Comparison of zinc ion-inhibitor inter- 
atomic distances for carbonic anhydrase 





Inhibitor (I) Zine ion-inhibitor interatomic 


distances (A)2) 

pH 

7.2 8.5 
Cl- 2.8 3.3 
Br” 2.8 3.4 
I- 3.5 3.7 
Au (CN), 3.7 
AM Sulf 3.0 
Acetazolamide 3.6 
Salamide 2.8 


4) Values taken from Ref. (47). 


form a hydrogen bond with the hydroxyl of Thr-197 via one of the oxygen atoms 
attached to sulfur. No conformational changes (other than the displacement of 
the zinc-bound water molecule) are observed in any of the inhibitor complexes 
(Kannan, personal communication). 

Before discussing the mechanistic information available from kinetic and 
thermodynamic studies of inhibitor binding, it is useful to first consider the 
severe strictures which the unusually-high specific activity of carbonic anhydrase 
places on mechanism. The steady-state kinetic studies of DeVoe and Kistiakowsky 
(707), Kernohan (108), Khalifah (109), and Magid (770) have established that the 
specific turnover rate for COg hydration, SS approaches 5x 10° sech at 
neutral pH. This turnover number is approximately two orders of magnitude 
greater than the values generally observed for other enzymes (4). The pH profile 
for Ss is quantitatively fit by a theoretical titration curve for a single protic 
ionization process of pKa ~7. These findings suggest, but do not prove, that the 
mechanism of the hydration-dehydration reaction involves protic acid-base 
catalysis. As various workers have pointed out [see Ref. (30) and (37)], the reactive 
substrate species in the mechanism of bicarbonate dehydration could be either 
HeCOz or HCO3. The available kinetic and thermodynamic data do not provide 
an unequivocal basis for distinguishing between these two possibilities because 
(a) the rate of HgCOg ionization, 


Er 
HsCOs3 = He + HCO$ (30) 


is a relatively rapid process, kp ~ 10° sec~1 (4), and (b) over the entire pH range 
accessible to study, HCO3 and CO; are the predominate species in solution. Thus, 
it has not yet been possible to distinguish between the pathways of Eq. (31) and 
Eq. (32) for the production of bicarbonate. 


E 
CO: + H:0 ==> H® + HCOG. (31) 
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E 
CO2 +H,0 == HCO; $ H® + HCO$ (32) 


SE 

These two possibilities have been treated in detail in the recent papers by 
Koenig and Brown (111), Khalifah (112), and Lindskog and Coleman (113). The 
following discussion is based on the arguments presented in these papers. Equa- 
tion (31) demands that a protonated enzyme intermediate be formed concomitant 
with the formation of HCO3 [Eq. (33)]. 


H,0 
E+COg — E:COg == EH®-. HCO => EH® + HCO (33) 


This protonated enzyme must undergo ionization to regenerate the active 
form of the enzyme (E) before the turnover cycle is complete: 


kr 
EH® SS E + H® (34) 

This transformation must occur at a rate which is greater than, or equal to, 
the rate of turnover. Since the interconversion of the acidic and basic forms of the 
enzyme involve an ionization of apparent pKa ~7, the maximum allowable rate 
of this step can be estimated (after Khalifah) from the following considerations. 
Given the ionization process for the regeneration of active enzyme as denoted in 
Eq. (34) and assuming that protolysis and hydrolysis make similar contributions 
at pH 7, ke must then be >5 x 105 sec! (z.e., the specific turnover number) to 
accommodate the mechanism of Eq. (31). As a consequence, kr >5 x 10!2M~1sec~? 
Ge, kr =kt|Kxr). This value exceeds the diffusion-limited combination rates 
observed for small molecule acid-base neutralization reactions in aqueous solution 
(4, 114) by a factor of ~ 102. As Khalifah (112) has pointed out, this happenstance 
can not be circumvented by assuming a large collision radius (“reaction distance”) 
since a rate constant >5 x 1012M-1sec-1 requires a collision radius > 1650 A. 
Note that the above estimation of kr assumes H20 and/or OH- are the proton 
acceptors in Eq. (34). As discussed at length both by Khalifah (172) and by Lind- 
skog and Coleman (173) (and apparently first suggested by Dr. W. P. Jencks), if 
deprotonation of the enzyme were to occur via a general base catalyzed mechanism, 
then a buffer ion-mediated proton transfer could account for the required rapid 
proton transfer between enzyme and aqueous milieu. 

Since the alternative mechanism, Eq. (32), involves the formation of H2COg 
as the enzymic product, the enzyme does not undergo a change in ionization state, 
and the necessity for a fast proton transfer between enzyme and solution does not 
arise. Khalifah (109) has reported that, in agreement with the earlier work of 
DeVoe and Kistiakowsky (107), the required rate of HgCO3 combination with the 
site, as estimated by the ratio 


keg Os KATOS, then would be > 4.7 x 1010M -1sec-1 


for human erythrocyte carbonic anhydrase C. This value is approximately 10- 
fold greater than that expected for a diffusion-limited collision between an enzyme 
site and a neutral substrate (4, 775) and, for this reason, it generally has been 
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assumed (707—710) that H2COg can not be the enzymic product in the CO» 
hydration reaction. Koenig and Brown (117) have proposed that the high pH form 
of the enzyme catalyzes the hydration-dehydration reaction [via. Eq. (32)], and 
that HeCOg is the enzymic reaction product. They suggest (777) that the large 
rate constant estimated for the combination of HCO; with the site arises from 
“collisions of HCOg molecules with the enzyme with subsequent [rapid] surface 
diffusion to the active site.” Since there is little or no precedent in the literature 
relating to protein-small molecule interactions to support this novel suggestion, it 
appears more reasonable to conclude that HCOg3 is the species produced in the 
enzyme-catalyzed hydration of CO2. This conclusion should be tempered by the 
realization that the calculated second-order rate constant for the collision of 


HCO; with the catalytic site (R%2°°3 ;K#20°3) is derived from the relationshi 
y p 


koat? Ka "Sun = KS akafe. (34) 


where Ky is the equilibrium constant for the reaction COg-+H20 = Has, 
Given the experimental uncertainties inherent in the determination of these 
parameters (705, 709) it could be argued that the above cited bimolecular rate 
constant is, within experimental uncertainty, no larger than the expected diffusion- 
limited rate constant. Nevertheless, as will become evident in the following dis- 
cussion, the binding of mono-anions to the enzyme site is a characteristic property 
of the enzyme site which appears to be directly related to the catalytic functioning 
of the active site, and consequently it appears more probable that HCO; is the 
enzymic reaction product. 

Insofar as the mechanism of substrate binding to carbonic anhydrase (e.g., 
HCO3 or H2CO;) is likely to parallel the mechanism(s) of anion and/or sulfonamide 
inhibitor binding, it is of interest to review the recent literature pertaining to the 
mechanisms of inhibitor binding. The close relationship of the pH-dependence of 
inhibitor binding to the catalytic and spectral properties of the native and Co(II) 
enzymes (32) is indicative that inhibitor binding is directly relevant to the carbonic 
anhydrase catalytic mechanism. The pH-dependencies of the affinities of anionic 
inhibitors for carbonic anhydrase, in virtually all cases, yield an apparent pKa 
for the enzyme (pKa ~7) which is independent of anion structure (116—123). 
This same pKa regulates the activities of both native and Co(II) enzymes in the 
COz hydration reaction. This pKa is also identical to the pKa reflected in the pH- 
dependent visible spectrum of the Co(II) enzyme. 

The high resolution X-ray structures of native carbonic anhydrase and 
carbonic anhydrase-inhibitor complexes (40—42, 106) demonstrate that both 
classes of inhibitors bind to the enzyme site via inner sphere coordination to zinc 
(or cobalt). This finding is in good agreement with spectroscopic studies [see for 
example (777, 127—128)]. Sulfonamide binding to the site, according to Bergstén 
et al. (41, 106), involves additional binding interactions in the form of (a) a large 
number of van der Waals contacts between the sulfonamide aryl moiety and the 
protein side chain groups which make up a nonpolar region adjacent to the metal 
ion, (b) hydrogen-bonds to various atoms in the active site including Thr-197 
and His-63, and (c) hydrophobic interactions resulting from the displacement of 
solvent molecules from the active site. 
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Taylor et al. (116,117) have shown that the pH-dependent affinity of the enzyme 
for mono-anions arises from a pH-dependent rate of complex formation and an 
essentially pH-independent rate of complex dissociation. The kinetic investigations 
of Taylor et al. (116, 117), Kernohan (108), Gerber et al. (118), Thorslund and 
Lindskog (129), and Olander et al. (130) demonstrate that only the acidic form of 
the enzyme, EH*, can combine with monoanions to form the inhibitory complex: 


EH® + A9 — > EH®— Ae (35) 


The mechanistic interpretation of the rate and equilibrium data for aryl 
sulfonamide binding to carbonic anhydrase, gathered by Taylor et al. (116, 117, 
119) and by others (778, 723, 124, 130), is complicated by the ambiguity inherent 
in the pH-dependence of the apparent association rate constants for complex 
formation (Fig. 9). Taylor et al. (779) found that for several aryl sulfonamides the 
apparent bimolecular association rate constant (ka) is highly dependent on pH, 
while the unimolecular dissociation rate constant (kal is virtually independent of 
pH in the pH range 5.5 to 10.5. The bell-shaped dependence of ka on pH (Fig. 9) 
was found to adhere quantitatively to the theoretical curve predicted for a rate 
process dependent on two protic ionizations. The first ionization was found to 
correspond numerically to the aforementioned enzyme pKa of ~7. The second 
ionization was found to correspond closely to the ionization constant of the 
sulfonamide group of the inhibitor. Furthermore, the visible spectrum of the Col 
enzyme-sulfonamide complex was found to be independent of pH. This fact, as 
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Fig. 9. pH dependence of the association rate constants between various sulfonamides and hu- 
man carbonic anhydrase C; (a) p-nitrobenzenesulfonamide and Zn isoenzyme C; (b) plsali- 
cyl-5-azo]benzenesulfonamide and Zn isoenzyme C; (c) dansylamide and Zn isoenzyme C; 
(d) p-nitrobenzenesulfonamide and Co(II) isoenzyme C. The solid lines are calculated assuming 
pKz to be 6.60, and pKs to be 9.30 for p-nitrobenzenesulfonamide and salicylazobenzenesul- 
fonamide and 10.00 for daasylamide. The intersection of the dotted lines with slopes of 1.0 
and 0.0 also yield the respective pK values. Taken from Ref. (779) with permission 
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these authors point out, is in accord with the pH-insensitivity of ka. Thus, either 
the ionizable group on the native enzyme is displaced during complex formation, 
or this residue is completely screened from aqueous milieu within the complex 
and, therefore, is no longer subject to protic ionization. The high resolution 3- 
dimensional structure of the enzyme-sulfonamide complex (Fig. 8) (47, 706) 
shows that the water molecule coordinated to zinc ion in the native enzyme is 
replaced by the sulfonamide group. This finding lends support to the contention 
that the water molecule is the ionizable group with pKa 7 at the enzyme site. 

Either of the two pathways [Eqs. (36, 37)] shown below will predict the 
pH-dependence of ka: 








k kı 
E + RSOsNHa ==> EH®—NHSOSR®; ka= 36 
nr m IR © 
k 
2 (kəKs| KE) 
EH® + RSO NHO —— EH®— NHSORƏ:; ka = ———_—_—_—_ (4 
MN 3 FREA EDE ©) 


On the basis of the similarities between the kinetic and thermodynamic char- 
acteristics of mono-anion binding and sulfonamide binding it seems probable that 
both mono-anion binding and sulfonamide binding occur by the same pathway, 
t.e., kg [Eq. (37)]. However, Taylor et al. (119) have argued that the values of kı 
and kə calculated from the above expressions (Table 4) offer a basis for discarding 
the possibility that reaction occurs via Eq. (37), since in the case of p-(salicyl- 
5-azo)benzene-sulfonamide the calculated value for kə (1.12 x 1010M-Isec-1) 
is greater than the maximum rate constant predicted for a diffusion-limited 
association of enzyme site and small molecule (115). Note, however, that complex 
formation in this instance may involve the coordination of the salicylcarboxylate 
moiety rather than the sulfonamide group; in which case, the calculated value for 
ka would be inappropriate. 

The mechanism for anion and/or sulfonamide binding shown in Eq. (38) 
accommodates all of the available kinetic data except for the anomalous behavior 
of p-(salicyl-5-azo)benzene-sulfonamide. 


AH 


in 


E—XH + A® ==> E-XH...A® SE Complex + H20 (38) 


eil 


E-X® + H® 


It has been proposed that the ionizable group of pKa ~7 is the zinc(II)-coor- 
dinated H20 molecule, as depicted in Eq. (38). If this is not the case, then ligand 
substitution for water (vtz. the X-ray structures, Fig. 8) must alter the apparent 
pKa of the ionizable residue such that protic ionization becomes insignificant in 
the pH range 5.5 to 10.5. With the possible exception of the Asp—His—Ser hy- 
drogen-bonding system which is postulated to play an integral role in the catalytic 
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Table 4. Summary of rate constants and equilibrium constants for the reaction of carbonic 
anhydrase with various sulfonamide inhibitors4) 


Inhibitor 


ka P) kı ke Kı(M) pH pKa ka 

(M-1sec-1) (M-14sec-1) (M-Isec-1) (sec-1 
4-Hydroxy-3- 
nitrobenzene 
sulfonamide‘) 5.48 x 104 16105 2.1109 4.17 x 10-6 65 10.9 0.2 
Pentafluorobenze- 
ne sulfonamide*®) 7.4106 1.210% 2.1x10-8 2.3x10-8 7.6 8.05 0.164 
Benzene 
sulfonamide®) 1.06 x 105 3.2x105 25x109 154x10-§ 65 10.2 — 
p-Nitrobenzene 
sulfonamide®) 7.37 x105 22x106 7.0x108 6.25 x 10-8 6.5 9.34) 0.048 
Acetazolamidee) 4.83x106 1.7x107 44x10? 5.88x 10-8 6.5 7.22) 0.068 
p-(Salicyl-5-azo) 
benzene 
sulfonamide‘) 113 x 107” 34x10" 13x10 2,94 x 10-8 6.5 9.44) 0.033 
5-Dimethylamino- 
naphthalene-1- 
sulfonamide‘) 2.4 x 105 7.2x105 1.1109 1.72 x 10-8 65 10.04) 0.390 
Ethoxzolamided) 2.9107 55x107 11x10% 16x10-9 80 8.14) 0.050 
Chlorothiazidet) 45104 50x104 20x107 5.4x10-7 8.0 9.44) 0.020 


a) The calculated values of kı and ka were taken from Ref. (730). 
b) Experimentally observed second-order rate constants. 

€) Data taken from Ref. (779). 

a) Data taken from Ref. (708). 

e) Data taken from Ref. (729). 


mechanism of serine proteases, Blow et al. (131), Hunkapiller et al. (132), Stroud 
et al. (133), Robilard and Schulman (134), there are no good precedents for the 
ligand-mediated perturbation of the pKa of an enzyme site residue of such a mag- 
nitude. 

A variety of detailed chemical mechanisms for the carbonic anhydrase-cata- 
lyzed hydration of CO% have been suggested which appear to be compatible with 
most, if not all, of the available physico-chemical information [see Refs. (30—33)]. 
The various roles envisaged for zinc ion include: (a) the direct Lewis acid activa- 
tion of CO% via inner sphere coordination, (b) enhancement of the nucleophilicity 
of the attacking water molecule as a consequence of inner sphere coordination and 
pK, perturbation, (c) activation of an outer sphere water molecule for nucleo- 
philic attack va base catalysis involving zinc(II)-hydroxide, and (d) a combina- 
tion of Lweis acid catalysis and nucleophile activation via penta-coordinate 
intermediates (or transition-states). In the following paragraphs the relative 
merits and the plausibility of select examples of these mechanisms are considered. 

A mechanism involving zinc ion as a Lewis acid in the activation of COgis shown 
in Eq. (39). This scheme accounts for the pH-dependence of carbonic anhydrase ac- 
tivity in terms of the 3-dimensional X-ray structure by invoking the participation 
of His-63 as an acid-base catalyst in the activation of the attacking water molecule. 
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His (63) SS d SES (39) 
—Zn---OH, 
7 
H-NNN + Ht 


Three arguments can be offered in opposition to this mechanism. They are: 
(1) The IR studies of Riepe and Wang (125) indicate that CO% is not coordinated 
to zinc ion in the enzyme-COz complex, and COz does not perturb the spectrum 
of the Co(II) enzyme (727). (2) Alkylation of His-63 with bromopyruvate (735) 
only brings about a 70 percent decease in the activity of human carbonic anhy- 
drase C. Therefore, the chemical integrity of His-63 is not crucial to catalytic 
activity. (3) It is unlikely that anion or sulfonamide binding could sufficiently 
perturb the pKa of His-63 to account for the ionization properties of these com- 
plexes, and it is not apparent from the X-ray structure of the Co(II) enzyme 
(47, 106) how the ionization of His-63 can account for the pH-dependence of its 
visible cobalt(II) spectrum. 

These arguments can be criticized on the following bases: (1) The IR studies 
of Riepe and Wang and the visible absorption studies of Lindskog (12T) only 
establish that the most stable enzyme-COz species does not involve inner sphere 
coordination of CO2. As pointed out in Section IV-2, such a finding does not rule 
out the possibility that catalysis involves the obligatory formation of a (high 
energy) coordination bond between zinc ion and CO». Indeed, the direct observa- 
tion of such a species seems improbable in view of the predictable instability of 
such a coordination complex. (2) The retention of catalytic activity (albeit greatly 
reduced) on alkylation of a catalytically essential imidazolyl residue has precedent 
in the methylation of His-57 in a-chymotrypsin (736). Thus, retention of some 
catalytic activity on alkylation of His-63 does not provide conclusive evidence 
against the involvement of His-63 as an acid-base catalyst. 

Mechanisms in which zinc ion plays a role in the activation of water for nucleo- 
philic attack on CO2 have dominated the discussion of mechanism in the recent 
literature. Activation of water is postulated to occur either as a result of the en- 
hanced nucleophilicity of an inner sphere water molecule, Eq. (40), or as a result 





O OH 
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of the participation of a coordinated hydroxide ion as a base catalyst in the activa- 
tion of an outer sphere water molecule, Eq. (41). 








H 
o Ve: | 
\ —Zn--O + H,CO, 
H e EI 
\e | e H® He 
nu me (41) 
SS WM “Ss \ i 
—Zn--O + HCOF 
/ J 


It should be noted that hydration mechanisms which proceed vta the involve- 
ment of inner sphere coordinated OH-, as pointed out by Coleman (30, 137) 
and others (37, 32, 105, 106, 112, 113, 125, 138), are attractive in that such 
mechanisms are compatible with the above discussed anion and sulfonamide 
studies, the pH-dependent spectral properties of the cobalt(II) enzyme, the pH- 
dependence of catalytic activity, and the spectroscopic studies of Riepe and Wang 
(725) and Lindskog (121). 

These mechanisms can be criticized on two points: (1) An abnormally low 
pKa must be assigned to the Zn(I1)-coordinated water molecule. (2) The respec- 
tive step in each mechanism which involves regeneration of the active enzyme 
species must proceed (in either the forward or reverse direction) at a rate which 
exceeds the diffusion limit in order to satisfy the kinetic requirements imposed 
by the high turnover number of the C isozyme. 

The abnormally low pK, proposed for the carbonic anhydrase Zn(II)-coordi- 
nated water molecule (pKa ~ 7.0) could arise as a consequence of the unique 
ligand field about zinc and the microenvironment at the enzyme site. Note that 
in contrast to alcohol dehydrogenase and carboxypeptidase the carbonic anhydrase 
zinc ion is bound to the protein via three neutral ligands (histidyl imidazolyl 
moieties). If this pKa is compared to the pKa of the zinc aquo ion (pKa ~ 9.1, 
Section II-3, Table 1) then the pKa of the enzyme Zn(II)-coordinated H20 must 
be perturbed by approximately two pKa units. Protein-mediated pKa perturba- 
tions of this magnitude are not uncommon [see for example (739—1747)]|. Never- 
theless, if this ionization is assigned to the coordinated H20 molecule, then it is 
difficult to explain why the coordinated H20 molecules in the Zn(II) and Co(II) 
enzymes have identical pK,’s, while the corresponding aquo ions differ by ~0.7 
pKa units (9.13+0.06 vs. 9.85+ 0.05, see Fig. 9, Section II-3, and Table 1). 
Arguments pertaining to the second point have been reviewed in preceding para- 
graphs and will not be further discussed here. Since the involvement of a zinc(II) 
coordinated hydroxide ion as the active species in COg hydration provides an ex- 
planation for most, if not all, of the physico-chemical properties of the enzyme 
which appear to be related to catalytic activity, this mechanistic postulate is 
quite attractive. 

As pointed out in Section ITI, it is quite likely that the metal ion has more than 
one function. Thus, a hydration mechanism involving a penta-coordinate inter- 
mediate or transition-state in which both Lewis acid catalysis by direct coordina- 
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tion of CO% and nucleophile activation via perturbation of the pKa of the coordi- 
nated water molecule occur can be envisaged [Eq. (42)]. 
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The high resolution X-ray structures of the native enzyme and the enzyme- 
inhibitor complexes (47, 706) indicate that Thr-197 plays a role in stabilizing 
coordination of ligands to the fourth ligand site through hydrogen-bonding 
between the Thr-197 hydroxy] group and the ligand (Fig. 8). This finding suggests 
that Thr-197 plays a similar role during the catalytic transformation, as shown 
in Eq. (42), and a similar role could be suggested for Thr-197 in the above mech- 
anisms [Eqs. (39 to 41)]. 

In summary, mechanisms which postulate the direct involvement of a Zn(II)- 
coordinated hydroxide ion in the catalytic mechanism appear to be the most 
plausible. However, a more definitive statement of mechanism for carbonic 
anhydrase will not be possible until the role played by the coordinated water 
molecule is firmly established. 


4. Bovine Carboxypeptidase A 


Carboxypeptidase A (E.C.3.4.2.1) is one of several proteases secreted by the 
pancreas as an inactive zymogen, procarboxypeptidase. In contrast to the serine 
proteases, e.g., chymotrypsin, trypsin and elastase, the zymogen for carboxy- 
peptidase is a zinc metalloprotein consisting of 3 subunits (MW ~87,800). This 
oligomer is activated to carboxypeptidase A in a complex sequence of events 
which include the specific proteolysis of approximately 64 amino acids from the 
N-terminus of one subunit, and dissociation to protomers (34, 742). Four major 
forms of active bovine carboxypeptidase A (x, $, y and ô) have been isolated. 
They differ in length by a few amino acids (300 to 307) as a result in differences 
in the position of bond scission and the degree of subsequent proteolysis during 
activation. Nevertheless, they all retain similar activities and specificities (33, 34). 

The general properties, substrate specificity, and the high resolution X-ray 
structure of carboxypeptidase A have been thoroughly reviewed by Harisuck 
and Lipscomb (33) and by Quiocho and Lipscomb (34), and the interested reader 
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is referred to these works and the references contained within for a comprehensive 
review of the structure and function of carboxypeptidase A. The following 
discussion presents a highly selected review of the extensive literature that pertains 
to the catalytic activity and specificity of carboxypeptidase A which, in the 
author’s judgment, is useful to the following discussion of catalytic mechanism. 

Carboxypeptidase A is an exopeptidase which specifically hydrolyzes C-ter- 
minal aromatic and branched chain aliphatic amino acids from di- and polypep- 
tides. Dipeptides in which the N-terminal amino group is free are hydrolyzed 
only slowly, whereas the corresponding N-acylated dipeptides are rapidly hydro- 
lyzed. The presence of an N-methyl group on the «-amino nitrogen of either the 
first, or the second amino acid residue of a polypeptide greatly suppresses the rate 
of hydrolysis (33, 34). Hanson and Smith (143) and Abramowitz et al. (144) have 
shown that the identity of the side chain residue in polypeptides of up to five 
amino acid residues in length influences the magnitudes of Km and keat. 

Carboxypeptidase also catalyzes the hydrolysis of esters (e, O-acyl deriva- 
tives of L-8-phenyllactic acid and L-mandelic acid), (145—148). Apparent differ- 
ences in esterase vs. protease activities of chemically modified enzymes have led to 
the suggestion that there are gross differences in the catalytic mechanisms for these 
two reactions (749). 

As often noted (33, 34, 145—151) the kinetic behavior of carboxypeptidase A 
is fraught with anomalies which include the observation of substrate activation 
and/or inhibition, product activation and/or inhibition, and the observation of 
pH transitions which disappear at high ionic strength. These workers have suggest- 
ed that most, if not all, of the kinetic anomalies can be rationalized by envoking 
a multiple loci-substrate binding model (745, 149—151) and/or nonproductive 
binding modes (33, 146—148). The early work of Hanson and Smith (143) and 
Abramowitz et al. (144) suggest the presence of multiple subsites for polypeptide 
binding. More recently, Davies et al. (152) and Auld and Vallee (157) have pre- 
sented kinetic studies which strongly support this rationalization. They found 
that «-N-carbobenzoyloxyglycine (CbzGly) activates the hydrolysis of certain 
dipeptides; e.g., 5 x 10-2M CbzGly activates the rate of hydrolysis of CbzGly- 
L-Phe by ~4-fold. In contrast, the rate of hydrolysis of the tripeptide CbzGlyGly- 
L-Phe is competitively inhibited by CbzGly under similar conditions (757). Further- 
more, it was found from structure-reactivity correlations that the steady-state 
rate of tripeptide hydrolysis (keat) is relatively insensitive to the nature of the 
C-terminal residue, but Km is not. Thus, keat for the tripeptides CbzGlyGly-L-Phe, 
CbzGlyGly-r-Leu, and CbzGlyGly-L-Val was found to remain essentially con- 
stant, but Km for these substrates varies by a factor of ~100 (757). However, 
when the N-terminal residue was varied, holding the C-terminal residue cosntant, 
keat was found to vary more than Km. 

Such effects are not unique to carboxypeptidase A. The rate of substrate 
polysaccharide hydrolysis by lysozyme is remarkably dependent on the poly- 
saccharide chain length (753, 754). Both steady-state kinetic studies and X-ray 
crystallographic studies on enzyme-inhibitor complexes for chymotrypsin (756) 
trypsin (756), elastase (757), and subtilisin (758) are indicative of the existence 
of multiple-loci substrate binding sites. Furthermore, the dependence of keat 
on substrate chain length for all these enzymes strongly implies that the filling 
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of these subsites enhances catalytic activity. The existence of such an effect has 
been shown more directly for trypsin. Ingram and Wood (759) have found that low 
(mM) concentrations of N-methyl guanidinium ion enhance the rate of turnover 
of the nonspecific substrate acetylglycine ethyl ester by nearly an order of magni- 
tude. This observation strongly implies that the weak bonding interactions be- 
tween the specificity subsite and substrate are important for catalysis. Com- 
parison of the X-ray structure of trypsin and the trypsin-pancreatic trypsin 
inhibitor complex provides direct evidence for the occurrence of a conforma- 
tional charge when a positively-charged side chain residue fills the specificity 
subsite (756). 

While the available data do not allow a distinction to be made between 
explanations based on the nonproductive binding hypothesis (760, 767), the 
induced fit hypothesis (762), or the strain-distortion hypothesis (763), the serine 
protease X-ray structural studies suggest that the kinetic enhancement attri- 
buted to the filling of subsites by polypeptide substrates involves only small 
differences in protein conformation. 

The recent investigation of the pH-dependent relaxation spectrum of carboxy- 
peptidase A via temperature perturbation of equilibrium, French et al. (164), 
provides independent evidence which is consistent with the above interpretation 
of pH effects on the catalytic activity of carboxypeptidase A. Through the use of 
pH-indicator dyes these workers found that, on perturbation of equilibrium in 
the neutral pH range, the native enzyme gives two well separated relaxations 
(1/rı ~4 X 102 sec}, I/t2 ~ 4.6 x 108 sec”! at pH 6.75). Since both of these 
relaxations are independent of the protein and the indicator concentrations, it 
was concluded that they originate from isomerizations of the monomeric enzyme. 
The pH-dependence of tı and rs appear to be coupled respectively to the ioniza- 
tion of an enzyme residue, pK, > 7.2. Although the relationship of these relaxa- 
tions to the catalytic mechanism has not yet been established, it is probable that 
the process which is responsible for rı is also the process which regulates the 
activity of the enzyme at low pH {see the foregoing discussion), since rı is abol- 
ished when inhibitory amino acids are bound to the enzyme. 

The tripeptides investigated by Auld and Vallee (157) exhibit pH vs. Reat/Km 
profiles (Fig. 10a) which indicate that the ionizations of two enzyme residues, 
apparent Gas of ~6.1 and ~9.0, control catalytic activity. The plots shown in 
Figs. 10b and 10c demonstrate that the low pH ionization affects only keat, 
while the high pH ionization affects only Km. These authors point out that the 
simplest scheme which is consistent with these data involves the existence of 
three enzyme protonation states (e.g., EHə, EH and EI which are important to 
the activity of carboxypeptidase A. The first ionization, EHz,@ EH + H+, gener- 
ates the catalytically active from of the enzyme without altering the affinity of 
the enzyme for substrate.) 

The absence of significant activation or inhibition phenomena by substrates 
or products when synthetic tripeptides are employed as substrates (33a) has 
led Auld and Vallee (157) to suggest that, since the kinetic behavior of these 


2) The observation that only the magnitude of keat depends on this ionization strongly in- 
dicates that Km = Kg. 
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Fig. 10. (A, upper plot) The pH dependence of the hydrolysis of 5 x 10-4 M chloroacetyl-L- 
phenylalanine (W, c= 0.25), 2x 10-4 M BzGly-L-Phe (4, c =—0.5), BzGlyGly-L-Leu @, 
c = 1.0), and CbzGlyGlyGly-L-Phe (Jf, c = 0). Conditions of assay were 1.0 M NaCi, 0.05 M 
Mes, Hepes, Tris, or carbonate buffer, 25°. The solid lines have slopes of 1, 0, and —1, their 
intercepts yielding PK, values of ~6.1 and ~9.0. (B, C, lower plots) The pH dependence 
of log keat and pKm for CbzGlyGłly-L-Phe hydrolysis. Conditions of the assays were the same 


as in (A) 


compounds is more easily interpreted, these substrates are more suitable for the 
investigation of mechanism than are dipeptides or esters. This argument very 
likely is valid insofar as the interpretation of activation and inhibition in relation 
to the catalytic mechanism is concerned. Nevertheless, since the dependencies 
of keat and Km on pH vary as a function of substrate structure, it is quite possible 
that this variation arises as a consequence of changes in the nature of the rate- 
limiting step as a function of substrate structure. Therefore, care must be exer- 
cised in the extension of this argument to the analysis of pH effects. Similar pH 
effects have been well characterized as resulting from a change in rate-limiting- 
step in the instance of amide vs. ester hydrolysis by -chymotrypsin (763). 
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The investigation of divalent metal ion-substituted carboxypeptidase A deriva- 
tives has shown that the apparent pK, of the high pH ionization is independent 
of the metal ion. In contrast, the apparent pKa of the low pH ionization changes 
from ~6.33 for the zinc(II) enzyme to ~5.57 for the cobalt(II) enzyme when 
a-N-benzoyl-GlyGly-r-Phe is used as the substrate (757). Although this pH 
dependence strongly implies that the metal ion directly influences the low pH 
ionization, the visible spectrum of the cobalt(II} enzyme is not perturbed by this 
ionization (766). The spectrum of the cobalt(II) enzyme, however, is pH-dependent 
above pH 8.0. The spectral changes titrate with an apparent pKa of ~8.8 (766). 
Note that this value is approximately the same as the apparent pKa which is 
reflected in the pH-dependence of Km (Fig. 10c). 

The qualitative shape of the pH-Aeat/Km profile (Fig. 10a) is typical of the 
profiles obtained for most carboxypeptidase A substrates (33). However, (as 
mentioned above), the quantitative aspects of these bell-shaped curves are highly 
dependent on substrate structure. Therefore, it is presently of little utility to 
attempt to correlate these profiles with the specific ionization of the various 
functional residues which are known to be present at the enzyme active site. 

Chemical modification studies have contributed to the partial elucidation of 
two aspects of the catalytic mechanism: Through chemical modifications it has 
been possible to draw inferences concerning the essentiality of particular active 
site residues to the chemical transformation. Furthermore, it has been shown that 
certain chemical modifications (particularly metal ion substitutions and the 
modification of tyrosyl residues, Table 5) drastically reduce peptidase activity and, 
at the same time, significantly increase esterase activity (745, 749, 167—169). 
Indeed, in one instance the selective acetylation of a tyrosyl residue brings about 
both a 7-fold increase in esterase activity and a complete loss of peptidase activity 
(40). Hartsuck and Lipscomb (33) and Bender et al. (147) have suggested that the 
observed increases in esterase activity (Table 5) can be explained as resulting (in 
part) from the alleviation of substrate inhibition. Note however that this argu- 
ment does not explain how these chemical modifications can occur to give an 
enzyme species which retains esterase activity but loses protease activity. 

Hartsuck and Lipscomb (33) report that the high resolution X-ray structural 
studies indicate that peptide substrates do not interact with the metal ion of 
enzyme modified by the acetylation of tyrosyl residues. This finding is in agree- 
ment with the observations of Coleman et al.(170) which show that peptide sub- 
strates do not inhibit metal ion exchange in the acetylated enzyme, although 
metal ion exchange in the native enzyme is strongly inhibited. 

More recently, Kang and Storm (17T) have shown that conversion of cobalt(II) 
carboxypeptidase A to the corresponding cobalt (III) enzyme by hydrogen per- 
oxide oxidation is accompanied by the complete loss of peptidase activity when 
assayed with CbzGly-L-Phe. Nevertheless, the esterase activity, as measured by 
the rate of hydrolysis of O-(N-benzoyl-Gly)-p,L-phenyllactic acid, remains un- 
affected by this transformation. Cobalt(III) complexes are characterized by 
extremely slow exchange rates due to the transformation from a d” (Coll) to a 
dP (Coll) electronic configuration, (see Section III-2). Therefore, Kang and Storm 
conclude that either peptides and esters are hydrolyzed by different mechanisms, 
or that hydrolysis occurs via a common mechanism which does not involve an 
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Table 5. Comparison of peptidase and esterase activities of various carboxy- 
peptidase A derivatives) 


Enzyme derivative Relative Relative 
Peptidase esterase 
activity(%,)d) activity(%)e) 


(A) Covalent modification Di 
(Iyr. Residues Modified) 


Acetylation (Tyr 248, 198) 0 700 
Mild Diazo Coupling (Tyr 198) 100 200 
Strong Diazo Coupling (Tyr 248, 198) 0 200 
Nitration (Tyr 248, 198) 10 170 
(B) Metal Ion Substitution®) 
Zn(II) 100 100 
Co(II) 160 95 
Ni(II) 106 87 
Mn(II) 8 35 
Cu(II) 0 0 
Hg(Il) 0 116 
Cd(Il) 0 150 
Pb(IT) 0 52 


a) This table is a composite of tables found in Ref. (33). 

b) Values have been calculated from the original data contained in Refs. (745, 
167, 168). 

o Values have been calculated from the original values contained in Ref. (772). 

d\ The peptide substrate used was N-carbobenzoyloxyglycyl-L-phenyl-alanine. 

e) The ester substrate used was O-hippuryl-r-$-phenyllactate. 


inner sphere coordination bond to the metal ion. In this context, it is important 
to note that substitution of either Cd(II) or Hell) for zinc ion yields modified 
enzymes with virutally no peptidase activity when assayed with the peptide 
substrate N-CbzGly-L-Phe, Table 5. However, both derivatives retain high esterase 
activities when assayed with O-hippuryl-L-$-phenyllacetate (772). These experi- 
ments should be interpreted with caution since the recent work of Zisapel and 
Sokolovsky (173) on the bovine carboxypeptidase B enzyme (a closely related 
exopeptidase) suggests that the presence or absence of peptidase activity for the 
corresponding Co(II) and Hg(II) derivatives of this enzyme is critically de- 
pendent on the length of the polypeptide substrate. For this reason, it would be 
informative to test the peptidase activities of the Cd(II) and Hg(II) enzymes 
with a variety of polypeptide substrates, particularly tri- and tetrapeptides. 

The results of the high resolution X-ray diffraction studies on crystalline 
carboxypeptidase A have received considerable attention. This series of elegant 
3-dimensional structural determinations by Lipscomb and co-workers (36—39) have 
provided a detailed (2 A resolution) atomic structurefor the native enzyme which 
has been noted for its unusual clarity. 
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Fig. 11. Three-dimensional representation showing the structural details of the Bovine car- 
boxypeptidase Ay active site for (A) the native enzyme, and (B) the enzyme-Gly-L-Tyr com- 
plex. Note: the large change in the location of Tyr-248 which occurs on complex formation, 
the coordination bond between the carbonyl group of the substrate amido group and the zinc 
ion, the salt bridge formed between Arg-145 and the C-terminal carboxylate ion of the sub- 
strate, and the salt bridge formed between Glu-270 and the N-terminal -ammonium ion of 
the substrate. [Redrawn from Ref. (39) with permission] 


The active site zinc ion (see Fig. 11) is located in a shallow cleft which runs 
across the surface of the protein to the opening of a pocket in the enzyme surface. 
Note that the three zinc ligands contributed by the protein are positioned away 
from the cleft, while the inner sphere water molecule projects out into the cleft. 
The cleft is lined with several highly polar residues in the vicinity of the metal 
ion which are believed to participate in substrate binding and/or catalysis. The 
pocket adjacent to the metal ion is lined with nonpolar (hydrophobic) residues. 
Both the cleft and the pocket are filled with water molecules which appear to be 
arranged in an ice-like array. 

The 2 Å resolution difference electron density map which compares the native 
enzyme structure with the enzyme-Gly-L-Tyr complex (37, 39) shows extensive 
differences in conformation involving the positions of three amino acid side chain 
residues, Arg-145, Glu-270 and Tyr-248 (Fig. 11). The difference map also shows 
evidence for smaller conformational differences in the region of the active site 
which involve limited repositioning of the polypeptide backbone and disruption 
of four probable hydrogen bonding interactions which form a network between 
Arg-145 and Tyr-248 via residues 155, 154, and 249 (33, 37, 39). These conformation- 
al changes are postulated to be necessary in order to optimize the weak bonding 
interactions between the enzyme surface and the substrate. As Hartsuck and 
Lipscomb point out (33), complex formation changes the cleft from an aqueous 
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environment to a cleft within which specific, highly directional weak bonding 
interactions (hydrogen bonds, Coulombic force fields, London dispersion force 
fields) occur. The hydrophobic pocket is similarly transposed from an aqueous 
environment to a nonpolar environment by the insertion of the aryl moiety of the 
substrate. 

The prominent weak-bonding interactions which have been deduced from 
the 2 A structure (Fig. 11) include: (a) A Coulombic charge-charge attractive 
interaction between the C-terminal carboxylate group of the substrate and the 
guanidinium ion moiety of Arg-145. Arginine-145 undergoes a 2 A movement to 
accommodate this interaction. This interaction is interpreted as providing the 
trigger for the conformational changes that result in the disruption of the hydrogen 
bonding system which maintains the position of the phenolic residue of Tyr-248 
in the native enzyme. As a consequence, Tyr-248 takes up a new position some 12 A 
away. This movement allows the formation of a (probable) hydrogen bond between 
the phenolic hydroxyl group and the amido nitrogen of the substrate. (b) A 
Coulombic charge-dipole interaction between the carbonyl oxygen of the peptide 
linkage of the substrate and the active site zinc ion. This interaction occurs via 
the displacement of the zinc-bound water molecule. In this context it should 
be noted that the NMR studies of Navon et al. (173, 174), Koenig et al. (175) and 
Quiocho et al. (39) show that competitive inhibitors of peptide hydrolysis displace 
one or more water molecules from the first coordination sphere of the Moll 
enzyme on binding. (c) A Coulombic interaction mediated by a water molecule 
between the carboxylate ion of Glu-270 and the N-terminal «-ammonium ion of 
the substrate. This interaction results in the displacement of the carboxyl group 
of Glu-270 by about 2 A from its position in the native enzyme. (d) A hydrogen 
bonding interaction between the phenolic OH group of Tyr-248 and the amido 
nitrogen of the substrate, as discussed in (b). The motions of Arg-145, Tyr-248, 
and Glu-270 appear to occur primarily as a result of side chain motions involving 
rotation about C-C single bonds. 

As pointed out by Lipscomb and co-workers (33, 34), Gly-L-Tyr almost cer- 
tainly is bound in an unreactive mode. Nevertheless, information drawn almost 
exclusively from the structure of this complex has been used by these authors 
to formulate a hypothesis for the carboxypeptidase catalytic mechanism. The 
derivation of their hypothesis, in addition to the incorporation of certain of the 
above structural features, is based on the following considerations: (1) Conversion 
of the active site cleft from an aqueous environment to a hydrophobic environ- 
ment on substrate binding provides a driving force for the reaction, (2) The con- 
formational changes which attend the binding of Gly-L-Tyr (and other substrate 
analogs) brings a group thought to be required for catalysis (Tyr-248) into hydro- 
gen-bonding contact with the bound substrate molecule. (3) The Coulombic 
interaction between Arg-145 and the C-terminal carboxyl group conveys speci- 
ficity to substrate binding. (4) The inner sphere coordination of the substrate 
carbonyl] to the active site zinc ion is brought about by the highly specific inter- 
actions discussed above. Since the carbonyl oxygen of the substrate amido function 
is a comparatively poor donor atom, it is unlikely that this bonding interaction 
is artifactual in nature. (5) Only the carbonyl group of Glu-270, the phenolic 
hydroxyl group of Tyr-248 and zinc ion are close enough to the amido group of 
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Gly-L-Tyr to participate directly in catalysis. (6) Consequently, the binding of 
Gly-L-Tyr is postulated to closely resemble the catalytically active enzyme- 
substrate complex. 

On the basis of these considerations, Lipscomb et al. (33, 34, 36—39) have 
proposed the detailed mechanism shown in Scheme III. 
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Scheme III 


Schematic representation of the possible stages in the hydrolysis of Gly-L-Tyr by carboxy- 
peptidase A. It is probable that the carbonyl carbon of the substrate becomes tetrahedrally 
bonded as the reaction proceeds, but it is uncertain at what stage of the reaction the proton 
is added to the NH group of the susceptible peptide bond. (a) Productive binding mode. 
(b) General base attack by water upon the carbonyl carbon of the substrate. (c) Nucleophilic 
attack by Glu-270 upon the carbonyl carbon of the substrate. Taken from Ref. (33) with 
permission 


The essential features of this mechanism involve the participation of zinc ion as 
a Lewis acid catalyst which plays an integral role in the process of bond scission 
by polarizing the carbonyl group of the substrate, thus increasing its suscepti- 
bility to nucleophilic attack. The phenolic hydroxyl group of Tyr-248 plays a 
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(general) acid catalytic role in the protonation of the amido nitrogen to assist 
bond cleavage by decreasing the bond order of the nitrogen-carbonyl carbon bond, 
thus aiding the departure of the amino group. Glutamic acid-270 is proposed to 
function either as a (general) base catalyst in the activation of a water molecule 
for nucleophilic attack at the carbonyl carbon, or as a nucleophile which attacks 
the carbonyl carbon. In the latter instance, nucleophilic attack by Glu-270 leads 
to the formation of an anhydride linkage between enzyme and substrate. Then in 
a subsequent step, this intermediate undergoes hydrolysis to regenerate enzyme. 
Zinc ion could participate in the hydrolysis of the anhydride intermediate either 
via Lewis acid catalysis, or via the activation of a water molecule for nucleophilic 
attack. 

The above discussion of mechanism explains the low reactivity of Gly-L-Tyr 
and other dipeptides with free N-terminal -amino groups as resulting from Cou- 
lombic interaction between the «ammonium ion of the dipeptide and the car- 
boxylate anion of Glu-270. This interaction is seen to effectively prevent the 
involvement of Glu-270 in catalysis. N-acylation of the «-amino group, however, 
should be expected to abolish this interaction and restore reactivity since Glu-270 
would no longer be constrained by this salt bridge. 

The X-ray structural studies offer strong evidence in support of a Lewis acid 
catalytic role for the active site zinc ion in peptide hydrolysis. Since the carbonyl 
group is no doubt a much weaker dipole than H20, the initial (ground-state) 
interaction between the zinc ion and the substrate carbonyl oxygen must be 
stabilized by the summation of the weak bonding forces between enzyme and 
substrate. The result is to displace the transition-state of the enzyme-catalyzed 
reaction (relative to its hypothetical nonenzymatic counterpart) along the reac- 
tion coordinate toward the enzyme-substrate complex. 

While the X-ray crystallographic studies provide a considerable body of evid- 
ence in support of the Lewis acid role proposed by Lipscomb, it is still possible to 
argue that the role of zinc ion is to facilitate the nucleophilicity of an attacking 
water molecule by inner sphere coordination. However, the geometrical con- 
straints imposed by the active site structure make this suggestion seem unlikely, 
since it then must be postulated that the entire set of weak bonding interactions 
seen in the Gly-L-Tyr complex are unrelated to catalysis. 

Johansen and Vallee (176) and Quiocho et al. (177) have carried out experi- 
ments both in solution and in the crystal phase with a chemically modified, 
Tyr-248, enzyme derivative to examine the relationship between the conforma- 
tional state of the residue and the catalytic mechanism. Derivatization of Tyr-248 
with diazotized arsanilic acid to form arsanilazo-Tyr-248 carboxypeptidase A 
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Arsanilazo-Tyr-248 Carboxypeptidase A 
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yields a chromopheric enzyme with spectral properties which are dependent 
on pH. In basic solution, the azophenol moiety probably complexes with the 
active site zinc ion to form a chromophoric complex, Amax 510 nm (776, 177). 
The stability of the complex, as measured by its characteristic spectrum, is lost 
when: (1) the pH is lowered to ~6, (2) chelators such as o-phenanthroline are 
added, and (3) when substrates or inhibitors are added. Although the spectral 
changes of this derivative are complicated by the presence of more than two pro- 
tonation states (776), pH-titration studies indicate that the spectrum which 
arises from the coordination of zinc ion to the chromophore depends on an appar- 
ent pKa of ~7.7 (176, 177). In the crystalline phase, Owiocho et al. (177) have 
shown that, at pH 8.2, the spectrum of the chromophore is dependent on the par- 
ticular crystal form. They found that only the crystal form used in the X-ray 
structural studies exhibits the 510 nm absorption maximum which characterizes 
coordination to the active site zinc ion. Although the studies of Johanson and 
Vallee (176) and Quiocho et al. (177) differ in some respects with regard to experi- 
mental details, experimental results, and interpretation, it is clear from these 
studies that the arsanilazo-Tyr-248 derivative can undergo a conformational 
change both in solution and in the crystalline state which is similar to the 12 A 
movement of Tyr-248 deduced from the 2 A resolution structures of the enzyme 
and the enzyme-Gly-L-Iyr complex (Fig. 11). The relationship of this conforma- 
tional transition to the catalytic mechanism is open to speculation. 

The importance of covalent chemical intermediates in the catalytic mechanism 
is also open to speculation. The recent chemical modification studies of Hass 
and Neurath (178), Petra (179), and Pétra and Neurath (189) indicate that the 
carboxyl group of Glu-270 is unusually reactive toward electrophilic reagents. 
Hass and Neurath (178) find that the affinity label, N-bromo-acetyl-N-methyl-L- 
phenylalanine reacts specifically with Glu-270. The only other residues modified 
by this reagent are the N-terminal asparagine and His-13 (in less than stoichio- 
metric amounts). pH studies show that a basic group with an apparent pKa ~7 
within the reversible formed enzyme-inhibitor complex is involved in the inactiva- 
tion reaction. Although other interpretations are possible, Hass and Neurath 
argue that since the carboxyl group must be ionized to react with the alkylating 
reagent the basic group is almost certainly Glu-270. The studies of Petra (179 
and Peira and Neurath (180) point to this same conclusion. They report that 
Woodward’s reagent K (N-ethyl-5-phenylisoxazolium-3-sulfonate) reacts with 
Glu-270 as well as with other carboxylate groups on the enzyme. The presence of 
the competitive inhibitor 3-phenylpropionate was found to protect Glu-270. 
Furthermore, it was shown that of the groups modified, only the modification of 
Glu-270 results in the loss of catalytic activity. Also, reaction with Glu-270 was 
also shown to be dependent on an ionization of pKa ~7. Thus, the unusual nucleo- 
philcity of Glu-270 is consistent with the anhydride intermediate mechanism. 

Lipscomb (187) has presented a speculative discussion of the effects of pH on 
carboxypeptidase activity in relation to the high-resolution three-dimensional 
structures. In this interesting paper, Lipscomb proposes that the apparent pKa 
values observed in the pH profiles shown in Fig. 10 reflect respectively the ioniza- 
tion of Glu-270 (pK, ~6.7) and the ionization of the zinc ion-coordinated water 
molecule (pKa ~8.9). 
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To date, there is no good kinetic evidence to support the existence of either 
an acyl enzyme intermediate, or a discrete tetrahedral species during the chemical 
transformation, although evidence for their existence has been sought via parti- 
tioning experiments (782). The recent transient kinetic studies of Latt et al. (183) 
clearly show the formation and decay of an intermediate during the hydrolysis 
of fluorescent polypeptides (Fig. 12). Although the authors made no direct com- 
ment on the interpretation of this transient species, it would appear from inspec- 
tion of Fig. 12 that its rate of formation could be an order of magnitude (or more) 
slower than the rates usually ascribed to diffusion-lhmited enzyme-substrate 
reactions. Hence, it is possible that the initial rapid transient represents a step or 
steps subsequent to the formation of the enzyme-substrate complex. 


Dansyl 


Fluorescence 





2sec ? sec 
Time Time 


Fig. 12. Enzyme tryptophan (A) and substrate dansyl (B) fluorescence during the time course 
of zinc carboxypeptidase catalyzed hydrolysis of DNs-Gly-L-Phe. Equal volume solutions of 
substrate and of enzyme, both 2.5 x 10-4 M, in 1 M NaCl-0.02 M Tris, pH 7.5, 25°, were mixed 
and the fluorescence of either tryptophan (A) or dansyl (B) was measured as a function of 
time under stopped-flow conditions in parallel samples, as shown by the oscilloscope tracings. 
Excitation was at 285 nm. Scale sensitivities for (A) and (B) are 100 mV/div. The existence 
of the E-S complex is signalled either by (A) the suppression of enzyme tryptophan fluor- 
escence (quenching by the dansyl group) or (B) enhancement of the substrate dansyl group 
fluorescence (energy transfer from enzyme tryptophan). Taken from Ref. (782) with permission 


5. Bacillus thermoproteolyticus Thermolysin 


Thermolysin is a potent endopeptidase isolated from the organism Bacillus thermo- 
proteolyticus. In contrast to the other zinc metalloenzymes discussed in this 
review, thermolysin has not yet been subjected to rigorous chemical and kinetic 
investigation. Therefore, although the complete amino acid sequence is known 
(784), and although Matthews and co-workers (43—46) have carried the X-ray 
structural analysis to 2.3 A resolution, it is neither possible to discuss the thermo- 
lysin catalytic mechanism nor to propose a role for zinc ion in thermolysin cata- 
lysis. Therefore, the following discussion is restricted to a brief review of the 
current status of the physical and chemical properties of thermolysin, and to a 
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brief discussion of the 3-dimensional structure of thermolysin in the region of the 
essential zinc ion. 

Thermolysin is specific for the hydrolysis of peptide linkages which occur 
adjacent to, but on the imino side of, a hydrophobic amino acid moiety (De, 
X-Leu, X-Ileu, X-Phe, X-Val, where X is any other amino acid (785—187). 
Thus, the specificity of thermolytic cleavage is complementary to that of chymo- 
tryptic cleavage. 

Thermolysin (MW 34,600} contains one zinc atom which has been shown by 
Latt et al. (188) to be essential for catalytic activity. Feder and Schuck (187) 
have made a preliminary investigation of the pH-dependence of keat/Km for several 
N-trans-2-furylacryloyl dipeptides. The bell-shaped pH-dependence of this param- 
eter indicates that the enzyme has a pH optimum near pH 7, and that the 
enzyme is maximally active over a relatively narrow pH range. Two (or more) 
ionizations with apparent pKa values close to neutrality regulate the activity of 
the enzyme (787). More recently, Burstein et al. (189) have shown that the reagent 
ethoxyformic anhydride inhibits thermolysin. Although this reagent reacts 
nonspecifically with a variety of residues on the enzyme, the accumulated spec- 
troscopic and chemical evidence suggest that the modification of a single histidy] 
imidazolyl moiety at the active site is responsible for the loss of activity. 

A representation of the 3-dimensional X-ray structure of the enzyme in the 
vicinity of the essential zinc ion is shown in Fig. 13. The zinc ion is located in a 
deep cleft which divides the protein into two roughly equal portions. This cleft 
is open at each end, and Colman et al. (45) and Matthews et al. (43, 44) describe 
this cleft as an obvious candidate for the site of polypeptide binding. The essential] 





Fig. 13. Sketch illustrating the position of some of the residues in the active site of thermoly- 
sin. The direction of viewing is down the fourth ligand direction of the zinc. Taken from Ref. 
(45) with permission 
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zinc ion is four-coordinate. As shown in Fig. 13, the ligands derived from amino 
acid side chain residues are His-143, His-146, and Glu-166. The fourth ligand is 
believed to be a water molecule. These ligands are positioned in an approximately 
tetrahedral array about the metal ion with the water molecule projecting out into 
the cleft. 

Several other notable features of this region of the enzyme surface can be seen 
in Fig. 13. The carboxyl group of Glu-143 is located in close proximity to the zinc 
ion in a configuration which bears a striking resemblance to the relative positions 
of Glu-270 and zinc ion in carboxypeptidase (see Fig. 11). Note the salt bridge 
between the guanidinium ion of Arg-203 and the carboxylate ion of Asp-170. 
And note also the close proximities of the imidazolyl moiety of His-231 (~5 A) 
and the phenolic hydroxyl of Tyr-157 to the zinc ion. While some of these struc- 
tural features are similar to those seen in the vicinity of the carboxypeptidase 
active site (e, the zinc ligands, the position of Glu-143, the proximities of Arg- 
203 and Tyr-157), Matthews et al. (44) argue that the differences are just as striking 
(Ge, the presence of His-231, and the salt bridge between Arg-203 and Asp-170). 
Preliminary comparisons of the 3-dimensional structures of the native enzyme 
and enzyme inhibitor complexes indicate that, in contrast to carboxypeptidase 
A, only small changes in the conformation of thermolysin accompany the binding 
of inhibitors (B. W. Matthews, personal communication). 

Thus, although almost certainly some or all of the residues seen in Fig. 13 
are of importance to the catalytic function of thermolysin, the available informa- 
tion is not sufficient to make possible a meaningful discussion of mechanism. 


V. Conclusions — An Anthropomorphic View of Zinc Ion Catalysis 


The small molecule and enzyme examples presented in this review offer con- 
siderable insight into the principles of catalysis which specify the roles played 
by zinc ion in homogeneous solution catalysis. It is perhaps worth emphasizing 
that zinc ion is capable of acting as a Lewis acid catalyst only if additional (weak) 
bonding forces between catalyst and substrate are sufficient to position the donor 
atom of the substrate within the first coordination sphere of the metal ion when the 
substrate donor atom is a comparatively weak ligand (vzz., the carbonyl oxygens 
of an aldehyde or an amide). That is, Lewis acid catalysis can be significant for 
such a substrate only if the summation of bonding interactions between substrate 
and catalyst are sufficient to allow substrate to compete effectively with water 
for the metal ion inner coordination sphere. 

The above principle is amply illustrated by the small molecule systems 
discussed in Section III. The roles proposed for zinc ion in the three enzyme 
systems discussed in Section IV also adhere to this principle. The accumulated 
experimental evidence makes it highly probable that zinc ion has a Lewis acid 
catalytic function both in the horse liver alcohol dehydrogenase-catalyzed reduc- 
tion of aldehydes, and in the carboxypeptidase A-catalyzed hydrolysis of peptides. 
In contrast, the accumulated experimental evidence supports a role for zinc ion 
involving the enhancement of water nucleophilicity via inner sphere coordina- 
tion in the carbonic anhydrase-catalyzed hydration of CO2. The substrates for 
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both LADH and carboxypeptidase are sufficiently large and chemically varied 
to conceivably provide the additional weak bonding interactions between site 
and substrate {e.g., London dispersion forces, hydrogen bonds, charge-charge 
and charge-dipole forces) necessary to position the carbonyl oxygen of the sub- 
strate within the zinc ion inner coordination sphere. The size and the polarizability 
of COs virtually exclude the possibility that there could occur additional weak 
bonding interactions between the site and CO% of sufficient strength to overcome 
the affinity of water for the inner coordination sphere. Therefore, it is not sur- 
prising that the carbonic anhydrase mechanism, in all probability, involves 
zinc ion in the activation of water for nucleophilic attack on COg. 

While it makes good chemical sense in some instances for Zn(II)-coordinated 
HsO to function catalytically as a nucleophile, it does not make good chemical 
sense for Zn(I1)-coordinated H2O to function as a general acid catalyst, since the 
extent of bond polarization brought about by the interaction of the aquo complex 
with substrate will be much less than that brought about by the direct interaction 
of the metal ion with substrate; 


compare Zn?2+—O—H---S with Zn?+..--S. 


| 
H 


Indeed, the positioning of a water molecule between the metal ion and the sub- 
strate serves only to attenuate the Coulombic force field generated by the metal 
ion. Thus, since inner sphere coordination of substrate is a kinetically facile process 
for zinc aquo complexes, and since Lewis acid catalysis provides an inherently 
more energetic interaction, mechanisms which involve a zinc(II)-coordinated 
H:O molecule as a general acid catalyst appear to be relatively unattractive 
alternatives to Lewis acid catalysis. 

The above arguments provide a rational basis for discussion of the roles played 
by zinc ion in catalysis. Since zinc metalloenzymes are particularly abundant, 
it is legitimate to inquire as to the relative merits of Lewis acid catalysis by zinc 
ion vis-d-vis general acid-base catalysis. It is not possible to directly compare 
the catalytic effectiveness of Lewis acid catalysis to general acid catalysis, however, 
there are some notable differences between the two. Lewis acid catalysis differs 
from general acid-base catalysis in that the concentration of the effective species 
(assuming a pKa ~9 for the aquo ion) is independent of pH in the physiological 
pH range. In order that the effectiveness of a general acid catalyst show the 
same pH independence, it also must have a pKa ~9. Since the effectiveness of a 
general acid catalyst is inversely related to its pKa, there is an obligatory trade-off 
between the relative effectiveness of the catalyst and the pH-dependent abundance 
of the reactive species (790). 

If the comparison of Lewis acid catalysis vs general acid-base catalysis is 
extended to the specific examples of carboxypeptidase A and «-chymotrypsin, 
then it is interesting to note that the function of the carboxypeptidase active 
site catalytic residues (33, 34) appears to involve activation of the substrate 
for the chemical transformation primarily via Lewis acid catalysis (see Scheme 
III, Section IV). In contrast, the function of the «-chymotrypsin active site 
catalytic residues appears to involve the activation of the hydroxyl of Ser-195 
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for nucleophilic attack on the substrate primarily via general base catalysis (765, 
131—134) as shown in Eq. (43). Thus, even though both enzymes carry out the 
same chemical transformation, the catalytic mechanisms of these two highly 
effective catalysts (to a first approximation) proceed via quite diverse pathways, 
one involving the activation of substrate, the other involving activation of a site 
catalytic residue. 


Asp (102) eae Ser (195) Asp (102) SE Ser (195) 
O O 
| CH, CH | CH, hes 
C = aa „en — el, 
CH. 0%... H-N HD —— CH, 0°... H®.N, N-H---6 (43) 
"vk wn > Lan 
ka 2 R- Noe 
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1. Introduction 


From the point of view of coordination chemistry, ferric haems, and chlorophylis 
are spectacular cases of very stable complexes that are formed at much slower 
rates than the usual complexes of iron and magnesium. Falk (T) has summarized 
the earlier work done on the kinetics of metalloporphyrin formation when there 
was little information available on the behaviour of different metal ions under 
comparable conditions. Nevertheless, the scattered studies showed that the rates 
depend on the metal ion, the substituents at the porphin nucleus (I), the solvent, 
and the ligands of the metal ion. The last point was made for the first time by 
Lowe and Philltps (2) who showed that bidentate ligands could induce a spread 
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of rate constants over three orders of magnitude in the reaction of Cu(II) with 
mesoporphyrindimethylester solubilized by sodium dodecyl sulphate in aqueous 
solution. Much subsequent work has been devoted to the evaluation of rate laws 
yet without any clear picture of the mechanisms emerging, as outlined by 
Hambright (3) in a review on various aspects of the coordination chemistry of 
metalloporphyrins. Recent studies have emphasized the variation of ligands in 
the reaction of complexes of Cu(I), Cu(II), Fe(II), Fe(III) and Ni(II) with one 
particular synthetic porphyrin (4—9). A variety of porphyrins related to biologi- 
cally relevant material was selected for kinetic studies by Berezin (70), whereas 
Hambright (11) preferred synthetic compounds suitable for aqueous solutions. The 
present selective review aims to reveal the nature of the dominant effects upon 
rates of formation of metalloporphyrins in well-defined solutions. Some clear 
conclusions can now be drawn with regard to the mechanisms involved. Various 
aspects of metalloporphyrin chemistry reviewed recently are: structures (72), 
redox reactions (73) and syntheses (74). Much effort has been devoted to spectra 
and electronic structure, particularly by Gouterman and his group (75). From all 
these areas, the structural data are most important in considering kinetic data at 
the present stage. 


2. General Considerations’) 


2.1. Metal Incorporation Versus Ligand Substitution 


Formally, two protons are replaced by a metal ion when a metalloporphyrin (MP) 
is formed according to the equation 


M(z) + Hab ——>» MPz-2 4 2Ht+ (1) 


where z is the oxidation number, and the notation HeP indicates the number of 
protons removable from the pyrrole nitrogens in the porphyrin base. In all cases 
to be considered, M(z) refers to mononuclear complexes MA@+#, where AA stands 
for the entire first coordination sphere, involving equal or different ligands. The 
common term “incorporation” is an allusion to the entry of M(z) into the center 
of the macrocyclic ligand P2-, whereby the shell A is stripped off rather completely. 
It is by no means certain that the macrocyclic ligand HeP could react with hy- 
drated ions M(H20)% by a stepwise substitution of water, in contrast to the be- 
haviour of open-chain multidentate ligands. It has been pointed out that the por- 
phyrin structure has the greatest tendency to force a mechanism of simultaneous 
multiple desolvation of the metal ion (76). Obviously, the latter requirement 
would be quite stringent if the porphyrin framework were virtually inflexible with 
respect to loss of planar conformation. At any rate, it is important to elucidate the 


D Notation used in this article: HjP'-2: porphyrin with i:=1, 2, 3, 4 protonated pyrrole 
nitrogens; net charge (i — 2) of the central part irrespective of additional charges of substitu- 
ents at the porphyrin skeleton (I). Code designations for specific porphyrins and metallo- 
porphyrins are defined in the text. Net charges are indicated to the right of the code, if 
pertinent, within the text. 


124 


Kinetics and Mechanism of Metalloporphyrin Formation 


relationship between the mechanisms of normal substitution reactions on one 
hand and the substitution of A by HaP on the other hand. 


2.2. Relevant Properties of Porphyrin Ligands 


With regard to kinetic studies in solution, particular attention must be given to 


(1) association phenomena involving either porphyrin molecules only, or por- 
phyrins and other solute species; 


(ii) protonation of Hab to the so-called diacids H4P?*, and deprotonation to the 
dianions P2-; 
(iii) the flexibility of the porphyrin skeleton (I). 


Fleischer (12) has reviewed evidence for nearly invariant bond distances and 
bond angles in the planar skeleton (I) of a variety of native and synthetic por- 
phyrins containing substituents either in positions 1 to 8, or in the meso positions 
(x, 6, y, ô). Irrespective of substituents, porphyrins are soluble in aqueous solutions 
of mineral acids (0.1 to 1 M) thanks to the stepwise protonation of pyrrole nitro- 
gens to monoacids Hab" and diacids H4P2*, causing pronounced changes in the 
absorption spectra (7, 77). However, the free bases HoP of native porphyrins are 
soluble only in organic solvents. Similarly, meso-substituted porphyrins are 
insoluble in water unless peripheral charges are introduced. Examples of the latter 
type include TMPyP (II), TPyP (III), TPPS3 (V), TPPS4 (VI) and TCPP (VII). 
x interactions between porphyrins are quite pronounced in native porphyrins 
(78), as indicated by association in nonaqueous media. In water and ethyleneglycol- 
water mixtures, [MPyP is monomeric up to about 10-4 M porphyrin, as is the 
case for IPyP at pH 0 and at pH 7.5, and for TCPP and TPPSs in ethyleneglycol 
(80%, v/v)-water mixtures around pH 7 (77). In aqueous solution, however, 
TCCP and TPPS3 dimerize at pH 7.5. The stability constants of the dimers (HaP)a 
have been determined by Pasternack (17) who also measured their rates of for- 





“Best” set of parameters for porphyrin skeleton from Ref, (72) 
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mation (Table 1). On the other hand, no aggregation of TPPS4 has been observed 
at pH >3.0 (79). Stein and Plane (20) have prepared TEP (VIII) which provides 
the most stable of the dimers listed in Table 1. The activation energy Ea ~12 
kcal/mole for dissociation indicates pronounced interaction in the dimer. 


N 
SE 


NG 
\\ 





Charges Solvatıon Deformation 
II 


TMPyP 
Tetra(N-methyl-pyridyl)-porphin 


S 


kaft 


I-VII 
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HI w 8:92,90 = 
Tetrapyridylporphin 


IV e ap 0 = 
Tetraphenylporphin 


V «=H: f, y, ð= 
TPF-trisuifonate 


VI ege > 
TPP-tetrasulfonate 


VII g, f, y, ò = 


Tetracarboxyphenylporphin 
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SO; 


SOF 


CO2 


Out 


TPyP 


TPP 


TPPS3 


TPPS4 


TCPP 


Table 1. The dimerization 2 HsP2(HaP)a in aqueous 
solution: Stability constants K (MI and rate constants 
ko (M-1sec—!). KNO3 0.1 M; 25°C. From Ref. (77) 


Hab 


kl 


TCPP(—4) 
TPPS3(—3) 
TEP(>4) 


CH3 


CH, 


pen(7) 


pen(6) 


Vili 
TEP 


K Ra 

4.6 -10+4 6.4 1077 

4.8.1074 2.2 -10+8 

4.3. 10+6 2.0 -10+3 
en(2) 


pH 


7.5 
7.5 
6.0 


CH; en(2,4) = CH aCHaN HCH atC Hat He 


ent A7 pen(6,7) =—CH2zCHsCONHCHeCHeNHe 


CH, 
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Although hydration of the N-methylpyridyl groups as well as steric and charge 
effects prevent the self-association of TMPyP(+4) in aqueous solution, in asso- 
ciation with smaller molecules such as para-toluenesulphonate it exhibits dif- 
ferentiated solvation behaviour, as discussed earlier by Mauzerall (27). Solutions 
used in the study of metal insertion usually contain buffer components and/or 
other ligands in addition to the solvent. In systems of this type, the composition 
of the domains close to the porphyrin may differ considerably from the bulk 
composition of the solution. Formula II indicates the different parts of the TMPyP 
molecule which are particularly involved in phenomena (1)— (iii). 

It has been established by crystallographic data (72) and by H-NMR studies 
that the inner pyrrole hydrogens are opposite to each other. At room temperature 
the switch to equivalent positions is fast on the H-NMR time scale, as shown for 
several porphyrins dissolved in CDCl3/CSz (22, 23). It is not known whether proton 
jumps are coupled to out-of-plane vibrations of the porphyrin skeleton. Double 
protonation to H4P?+ freezes in an out-of-plane conformation of tetraphenyl- 
porphin as shown in Fig. 1, which is taken from Ref. (72). Another type of dis- 
tortion has been postulated recently in connection with an intermediate observed 
in the reaction of PtClä with haematoporphyrin IX (24). It has been argued 





Fig. 1. The tilted porphin skeleton in the diacid of tetraphenylporphine (TPP); (a) and (6) 
represent diacids of TPP and of TPyP(II1), respectively. Reproduced with permission from 
Ref. (72) 
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that the intermediate PtCla(HaP) contains the local unit cis-PtClgNe, which in- 
volves nitrogens from two neighbouring pyrrole rings, a distortion in which the 
nitrogens are displaced pairwise in positions above and below the original average 
plane of the skeleton (1). 

The diacids of TMPyP and TPPS, have closely spaced pK3,4 in the pH 
intervals 1 to 2, and 4.5 to 5.5, respectively. Native porphyrins such as haemato- 
porphyrin or uroporphyrin provide more complicated cases of subsequent proto- 
nation equilibria. Haematoporphyrin IX is insoluble in neutral aqueous solution 
but dissolves in dilute mineral acids, whereas its sodium salt Na4P precipitates 
from NaOH 33% (w/v) (25). Hence, subsequent pK values cannot be determined 
in standard aqueous media. Falk (26) has listed ob: values determined in aqueous 
detergent solutions. Accepting pKs ~5.5 for deuteroporphyrindimethylester, it 
is safe to conclude that the series of four (two pyrrole N, two —CO2H) pK values 
are rather narrowly spaced in the intervals from 2 to 6. Aggregation is overcome 
by adding 10% (v/v) pyridine to water, which provides monomeric HaP( —2) at 
pH >8 (27). In the absence of pyridine, uroporphyrin I is monomeric in aqueous 
solution (27) but is insoluble below pH 4. Due to the eight carboxylic groups, the 
charge limit towards alkaline solutions is rather high in HgP( —8). Hence, a well- 
defined peripheral charge can only be secured in alkaline solutions at pH>9.5 
(77). Except for TMPyP, pK2~13, no reliable values for pKe or pKy are 
available since they go even beyond 14 (28). 


2.3. Conceptual Steps and Rate Laws 
Irrespective of the order in which elementary processes occur, the overall reaction 


MA + HeP —> MP + (4, 2H) (2) 
involves 
D 


(ii 


formation of encounter complexes, 
dissociation of ligands from MA, 


(iii) attractive interaction between the metal atom M(z) and pyrrole nitrogen, 


D 
hg M” N” Me 


(iv) deprotonation of HeP. 

Of course, stage (ili) depends very much on the flexibility of the porphyrin, as 
discussed in Section 2.2. To a certain degree, MA may be specified right away if 
optimum pathways are envisaged. Certainly, a multidentate ligand occupying all 
sites at the metal and leading to high stability of MA will be utterly unfavourable. 
A far better situation arises if A contains rapidly exchanging solvent molecules. 
Hence, it is not surprising that Cu(edta)?- reacts with TMPyP(-+-4) at a negligible 
rate as compared to the aquo complex Cu?+ in spite of the charge (2 —), which 
favours the pre-equilibrium (i) (3). 

2.3.1. Encounter Complexes. A major part of the data to be discussed refers 
to water soluble porphyrins with peripheral charges. In TMPyP and TPPS4 the 
charged groups are unable to form inner-sphere complexes with M(z). On the other 
hand, TPyP and uroporphyrin carry pyridyl and carboxylic groups, respectively, 
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i.e. ligand groups equivalent to pyridine and acetate. Hence, the latter two 
porphyrins exhibit rather high local concentrations of ligand groups. 

Outer-sphere complexes have been discussed by several authors in the context 
of ligand substitution reactions of metal complexes (29, 30). We consider here 
an example relevant to reaction (2), the outer-sphere association of TMPyP(-+ 4) 
with MA?, x=0, +1, +2. 





MA? + HePy = (MA, HaP)*tv (3) 
[z +7] o | =. 2 
Kos = + = Dës: ET EE e 
Hp ee Far) 8 
A n N . a3 
KO ne 
De 2000 S 


Kos stability constant, molar scale 

Il concentration of species in reaction (3) with charge 1 
E dielectric constant 

Tr activity factor 

a radius sum of spherical particles 


r distance between charges of contacting ions 


Association constants Kos have been estimated by using Eq. (4). introduced 
by Fuoss (31). It should be pointed out here that the Fuoss theory assumes spheri- 
cal ions in contact with each other at a distance a (center to center). In these 
cases, rin Eq. (4) is identical with a in Eq. (5), which accounts for the association 
of uncharged molecules resulting from random collisions. It is doubtful whether 
Eqs. (4) and (5) can be applied to nonspherical ions such as TMPyP(-+ 4) contain- 
ing peripheral charges. Moreover, solvent interactions including effects like those 
described in Section 2.2 can hardly be taken into account. However, the second 
and third factors to the right in Eq. (4) provide some indications about the effects 
on Kos of charges x, y and of the ionic strength J. Assuming MA? =M(H20)¢" 
with radius 3.6 A, and taking into account the structural parameters of TMPyP 
together with standard values for van der Waals parameters, an average value of 
<a3> =1.2:10+3 A3 has been evaluated (7). The average <a>, i.e. center of 
HAD to center of M(H20)é", equals 10.4 A, very close to <a3>1/3 = 10.7 A. 
Inserting <a®> into Eq. (5) provides a value 


K 4 ~ 3M-1, (6) 
which is an order of a magnitude larger than the lowest value calculated for 
simple hydrated ions such as Na+ and ClOz (32). Similarly, average values 
<r> =12.5 Å, and <r-1> =0.089 ~ <r>-1 have been calculated, where r 
is the distance between methylated pyridyl N and the center of MA. Hence, 
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<771> # <a~1> has been inserted into the exponential in Eq. (4). Finally, the 
activity term zę was taken to be 


log = E e (7) 


In Eq. (7), A and B are standard parameters of the Debye-Hückel theory 
(33) which associates o with the distance of closest approach. Remembering 
that the denominator in Eq. (7) takes care of short-range interactions, æ could 
be identified with <r> = 12.5. On the other hand, the average distance between 
ions in 1:1 solutions of electrolytes approaches the distances between charges in 
TMPyP at concentrations of about 0.1 M2}. 

Therefore, short-range interactions actually refer to local groups, allowing 
distances as short as ~7 A to the hydrated metal ion. The numbers in Fig. 2 


log Kos 
+3 x,y 
-2, +4 
+2 
-1,+4 
+1 
Kos SS te 
ð ee 
+1,+4 
4 +2,+4 
12 
-2 
+—__+_1___1___-__» 
0 1 2 3 4 05 6 7 8 S 10 
0.01 01 0.5 10 I 


Fig. 2. Outer-sphere association of spherical ions (charge x} and non-spherical ions (charge y). 
Association constants Kos derived from Eq. (4,5,7). Ionic strength J. See text for assumptions 
about size and charge distribution 


2) For 0.1 and 1 M solutions, average separations of ions are 20 A and 9.4 A, respectively. 
Positive charges in TMPyP are at distances 16 A and 11 A from each other. 
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are based on « =10 Å. Although these numerical values of Kos cannot be reliable, 
they are significant as they indicate that 


(i) electrostatic effects of long-range type are considerable at very low ionic 
strength; e.g. TMPyP(+ 4) and TPPS4(— 4) should differ in Kos for association 
with Mad by a factor as high as ca. 10%; 


(ii) towards higher ionic strength, 0.1<I<1.0, as is typical for most solution 
studies, the spread for charge types (+4, +2) vs. (— 4, +2) is much reduced, 
t.e. Kos probably approaches Kos. 


At present, no data are available on the reactions of Zn®* with the two por- 
phyrins TMPyP and TPPSz, under strictly comparable conditions. However, there 
are no major changes in the rate constants in Table 2, indicating that charge effects 
are screened by rather high ionic strengths according to conlcusion (ii) above. 
The factor of about 3 by which kə (d) differs from ka (a) is due primarily to the 
rise in pH, as indicated by Re (b) >ka (a). However, the rates in case (b) quite 
clearly depend on the buffer concentration at fixed pH. Whereas a linear depend- 
ence of kg on the concentration of nitrate has been observed in cases (a) and (b), 
ke (c) remains virtually constant from 0.02 to 0.6 M NOs, with J varying from 
0.03 to 0.63. In these cases, ionic strength does not operate in the fashion indicated 
by Fig. 2. Therefore, specific ion effects are likely to bemore important than general 
salt effects. 


Table 2. Second-order rate constants &o{M-1sec~1) for the reactions 
Zn2+ + HoP4+ -> ZnP4+ +2 Ht (25 °C) 

Cu2+ + ZnP4t+—> CuP4t+Zn2+ (40 °C) 

HaP% = TMPyP(II); HeP4- = TPPS4(VI) 


Mir HoP / MP Medium ko Ref. 
a) Zn2+ TMPyP4+ NaNO 1.0M; pH4.0 0.050 (77) 
b) NaNO% 1.0M; pH63 0.52 (77) 
c) Zn2+ TPPS4- NaNO 0.2M; pH63 0.85 (77) 
a) Mach: 1.0M; pH7.0 0.15 (34) 
e) Cu2+ Zn(TMPyP)4+ NaNOg 2.0M; pH3.0 1.3-10-3 (35) 
f) Cu2+ Zn(TPPS4)4- NaClO4 0.5M; pH~4.0 10-10-38 (34) 


a) Unbuffered solutions; kg =’ [NO3]. 

b) Buffer HBt, B (= 2,6-lutidine); ko =’g [NO3]. 

c) PIPES buffer; base: piperazin-N,N’-bis(2-ethanesulfonate). 
a) TRIS buffer. 
e) 
) 


Unbuffered. 


Turning to porphyrins with peripheral carboxylic groups, Kassner and 
Wang’s data on the insertion of Fe(II) into haemato-, copro- and uroporphyrin 
deserve attention (27}. Under strictly comparable conditions the rate constants 
increase by more than two orders of magnitude at low ionic strength. 
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Table 3. Kinetic data for the formation of Fe{II)-porphyrins in 
water-pyridine (10%, v/v). Second-order rate constants Sa) 
sec-1) and activation energies Ea (kcal -mole~!); pH 8.2; I< 
0.001. From Ref. (27) 








Porphyrin) ka (25 °C) Ei (+1.0) 
Haematoporphyrin IX (—2)2) 0.22 24 
Coproporphyrin I (—4) 8.2 24 
Uroporphyrin I (—8) 84.0 25 





a) Net charges in brackets refer to all carboxylic groups deproton- 
ated. Incomplete deprotonation of uroporphyrin cannot be 
excluded. 

b) Substituents in positions 1 to 8: 

Haemato-: CHeCH2CO2H(6,7); CH3(1,3,5,8); CHOHCH3(2,4) 
Copro-: CHgCH2CO2H (2,4,6,8) ; CH3(1,3,5,7) 
Uro- : CHəCH2CO2H (2,4,6,8); CHeCO2H(1,3,5,7). 


It may seem obvious that the effect is electrostatic in origin, like the large gap 
in log Kos to the left of Fig. 2. However, the local concentration of carboxylic 
groups in uroporphyrin is of the order of 1 M, and coordination to Fe(II) cannot 
be ruled out. There is evidence for coordination of Cu(II) to peripheral amine 
groups in the reaction with TEP (VIII). It was found that rates did not depend 
linearly on Cu(II) when all other variables were kept constant (36). 

2.3.2. Ligand Substitution in MA by the Porphyrin. Even in the most labile 
hydrated transition-metal ion, Cu®*, ligand substitution generally occurs more 
slowly than the preceding diffusion step (37). It is useful to look at reaction (8) 
in relation to the much faster reactions (9) and (10), which have been carefully 
studied by Diebler (38). 


k23) 

Cu2+ + Hab —— CuP +2H+ 0.6 (8) 

Cu?+ + dip —— Cudip?t 4 - 1017 (9) 

Cu2+ + Hdipt —— Cudip?+ + Ht 3 - 10+5 (10) 

The Scheme 
kı k, 
Cu+* + HL => Cu(H20) HiL ——> CuL + iH+t (11) 
and 
k+ 
ka = ES Rz => Kokz (12) 


3) Second-order rate constants (M-1sec-1) for 25 °C, I =0.3. HeP = TMPyP(+ 4). 
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can be adopted for our purpose, because the pre-equilibrium steps are well 
separated from the much slower outer sphere-inner sphere transformations. 
The intermediate species preceding the last step, H20 > N, is rather well defined 
for L=dip but far less so for L=HaP. It may be defined for the present purpose 
by placing hydrated Cu2+ in contact with the central part of HeP, as indicated in 
Fig. 3. 





Fig. 3. Configuration of outer-sphere complex (MA, HeP) preceding the insertion of the metal. 
Space angle indicated about 47/50 


Consequently, Ko refers to particular configurations of encounter complexes 
with assigned equilibrium constant Kos (see Section 2.3.1). For small ligands, Ko 
has frequently been approximated by Kos as estimated by the Fuoss theory. 
However, if L=HeP, it would be more appropriate to write 


Ko = x * Kos. (13) 


If the same statistical weight is given to all configurations of encounter com- 
plexes (MA, Hab). x may be as low as 10-2. On the other hand, if the positions 
indicated in Fig. 3 were favoured by particular site interactions, x could increase 
beyond one. Viewing at an optimum path, replacement of water by different 
ligands could contribute to faster insertion of a metal by increasing x. [The fact 
that dipyridyl complexes of Cu2+ and Ni?+ are formed more slowly than corre- 
sponding acetato complexes may be due, in part, to sac) > x(dip)]. 

In Eq. (11), not only the pre-equilibrium steps, but also the proper insertion 
steps are of a more complex nature in the case of porphyrin. The rate parameter 
kz refers to an overall process which may have further built-in pre-equilibrium- 
type situations. 

It is an important fact that reaction (10) is slower than (9) by two orders of 
magnitude. As explained by Diebler (38), deprotonation of Hdip* determines the 
rate of ring closure. In view of the steric constraints, and of the far lower acidity 
of porphyrins Hab, it is not surprising that in Eq. (8) Ra is smaller than in Eq. (10) 
by a factor of ~10-5. Hence, if access of at least one pyrrole N to the metal is 
anticipated, an essential barrier to further substitution at Cusgq persists due to the 
protons on pyrrole nitrogens. The importance of deprotonation as a rate-determin- 
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ing factor was stressed rather early by Fallab and Bernauer (39, 40) who studied the 
kinetics of metal insertion into phthalocyaninetetrasulphonate. In this context, 
it is worth commenting upon the pre-equilibrium involving the free base HaP 
and the mono anion HP-: 


HP SZ HP- +Ht. (14) 


At pH 3, for HaP =TMPyP(-+ 4), the concentration of HP- equals 10710 - 
: [H2P]. If one makes the assumption 


MCSE] L 3, [Cu] [HP (15) 


one obtains ka ~10+10 M-1s-1, which is comparable to ka ~4-10*9 as found for 
the formation of the ethylenediamine complex Cu(en)?*. More experimental 
evidence will be provided in Section 3, which rules out significant contributions 
from terms of the type in Eq. (15). Whereas all the factors discussed above are 
strongly dependent on A in MA, the flexibility of H2P should not be significantly 
influenced by the particular MA. 

2.3.3. Some Remarks on Rate Laws. Experimentally, formation of metal- 
loporphyrins has always been followed spectrophotometrically. Due to high 
extinction coefficients in the visible, the concentration of porphyrin is usually 
kept below 10-4 M. Thus, it is possible to choose total concentrations of metal 
species, [M];, in considerable excess of total porphyrin [P];. In these cases first- 
order dependence according to 





R = dhdi = ke : [H2F] (16) 
is observed in buffered solutions. 
ke = ka [MA] (17) 


Quite often Eq. (17) has been verified. This linear relation is consistent with 
the simplified scheme (Eqs. 11) and (12) in Section 2.3.2, provided Ky <10 and 
[M]e< 10-2 M. On the other hand, Ky >10 would cause deviations from the 
linearly dependent Eq. (17), which then would transform into 


Ko [MA] 


R= EE e 
S 1 + Kg[MA] 


- [HPY (18) 
where 


[HeP]’ = [HeP] + [(MA, HeP)] 


(19) 
= [HP] (1 + [MA] - Ko). 


As long as [MA] is well in excess of [P];, the two components determining the 
spectral absorption are [MP] and [HP]’, the latter comprising the sum (19). 
Experimentally, a check on Eq. (18) is based on varying (MA] to a sufficient degree. 
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Hence, the composition of the bulk phase will undergo significant changes unless 
there is quite a large concentration of some inert electrolyte. This well-known 
principle, which has been applied to various types of solution studies, will not help 
if the porphyrin associates selectively with certain components of the solution. 
In such case, Ko may not be a constant parameter over the entire range of [MA] 
studied. Two specific examples will be considered to illustrate the problems 
that may arise in evaluating the dependence of ke on components of the solution. 

The insertion of Cu(II) from imidazole (im) complexes into TMPyP(-+ 4) has 
been studied in solutions containing the series Cu(im)y", 0< <4. It could be 
expected (1) that the individual members in the series would react at different 
rates, and (2) that for constant pH, ñ, [Cu(II)]; the observable parameter ke 
would depend on ionic strength. It is seen from Fig. 4 that 


(i) for constant ñ, pH and [im] =[imH*], ke is not proportional to [Cu(II)]z, 
nor is Eq. (18) valid; 
(ii) rates do not change by more than 30% if % is increased from 2.3 to 3.9; 


(iii) ionic strength effects seem to be screened off. 


tog Ka 





-3 -2 -1 log [cu]; 
Fig. 4. Insertion of Cu(II) into TMPyP from imidazole complexes Cu(im) Pii in aqueous solu- 
tion, pH 7; 25 °C. k,(sec~1), CuCla(M). 


© I from 0.003 to 0.03; [Himt] = [im] = 1.5 -10-3 M. 
A I from 0.1 to 0.25; [Him+] = [im] = 0.1 M 


Hence, there is no simple dependence of the type 


ke = > kn [Cu(im) p] (20) 


and analysis of kinetic data is virtually impossible without independent in- 
formation concerning interactions between the porphyrin and the solute com- 
ponents im, Him+ and Cu(im) 2+ As for their stability, the members of the series 
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Cu(NH DE differ very little from the corresponding imidazole complexes. A linear 
dependence kg =k -[Cu(II)]; has been observed in one molar ammonia/ammo- 
nium buffer in which practically all Cu(II) is tetrammincomplex. The rate con- 
stant kz is about half the value measured at pH 3 in KNO; 1 M. Fig. 4 shows the 
effect of increasing concentrations of NH3, NH4Cl and NaCl on the rates relative 
to a buffer solution containing equal concentrations of ND: and NH4Cl (0.1 M). 





-1 -0.5 o -log c 


Fig. 5. Insertion of Cu(II) into TMPyP from Cu(NH3)2+; 25 °C. 
@ : [NH{] = [NH3] =[Cl-] =0.1 M; 7=0.1 
A : [NH#] = [Nat] = |C] =c; I=c 
: [NH3] =c; I =0.1 
O = [NE] 


It is clear that 


(i) increasing ionic strength J from 0.1 to 1.0, together with considerable changes 
in the medium, 2 e NH4Cl 0.1 M > NH,Cl 0.1 M, NaCl 0.9 M, causes only 
minor changes in ke; 


(ii) passing to Z =1 M with Nal reduces ke by a factor of about 0.1; 


(iii) increasing [NHs] to 1 M, hence raising pH by one unit, lowers ke by a factor 
of 2. 


These observations indicate that the variables determining ke are interde- 
pendent, the major reason being a specific ion effect of NH4 which probably 
undergoes attractive interactions with the central part of TMPyP(-+4). Con- 
sequently, NH4 and Nat are not at all equivalent with respect to short-range 
interactions with porphyrins. There are other examples indicating competition 
between (i) ions of the same sign, t.e. NHi> Nat, Lit > Nat, CH3—CgH4—SO3 > 
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NO3, Cl- and (ii) ions of opposite sign, NH4>NO3. Rates may be varied by 
several orders of magnitude simply by replacing Nat + NH4, Cl- > Ts- in the 
reaction discussed above (Table 4). 


Table 4. Salt effects in the reaction of Cu(NHs3)2+ with 
TMPyP(-+ 4). Composition of solutions: TMPyP 5 -10-5M, 
NH3 0.1 M, ionic strength 1 M (MX). 25 °C. ka (M-1secr1), 
Ts~: Paratoluenesulfonate 


MX (M) NH,CI 0.1 NH,Cl 1.0 NHaTs 1.0 


NaCl 0.9 
ko 25 2.4 0.01 
ka (rel) 1 0.1 0.0004 


These examples demonstrate that in certain cases rate laws obtained by data- 
fitting may be doubtful, and in particular that rate constants emerging from 
satisfactory fits must be examined with care if they refer to different A and the 
same M in MA. The effects of varying A, on the other hand, provide the most 
valuable information on the mechanism of metalloporphyrin formation. 

Temperature dependence has been determined in a variety of cases. How- 
ever, activation parameters such as A and £ 4 do not provide as much information 
about activated states as they do in simpler substitution reactions. 


2.4. Metals Selected for Kinetic Studies 


From the series of transition-metal ions 


Mail Fe(II) Co(II) Ni(II) Cu(II Zn(II) 21 
Fe(III) (21) 
or which a wealth of thermodynamic and kinetic data are available (30, 41) 
Cu(II) and Zn(II) have received most attention. It is only recently that data on 
Fe(III), Ni(II) and Cu(I) have been obtained (5). Under comparable conditions, 
the order 


Cu(II) > Zn(II) > Co(II) > Mn(II) > Ni(II) (22) 


has been observed for the rates of insertion of hydrated metal ions into TMPyP 
at pH 4, 50 °C (42). The rates of water exchange follow the same order. Very 
recently, rates of incorporation from metal halides into TPP were determined in 
dimethylformamide at 70 °C (43). 

Unlike (22), the series 


Cu(II) > Zn(II) ~ Pd(II) > Co(II) ~ Ni(II) > Mett (23) 
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refers to complexes having widely different A, as shown by the significantly 
different positions of Zn(II) and Pd(II) and also of Co(II) and Ni(II), respectively. 
The activation enthalpy 4H* is larger for Cu(II) (16.3 kcal) than for Pd(II) 
(14.8 kcal). Obviously, variation of A may overcome inherent differences in the 
lability of metal ions. It is relevant to recall here the ranges of second-order rate 
constants for substitution reactions involving monodentate, or open-chain multi- 


dentate ligands (Fig. 6). 


i | | “ 
C 


TC NCS Ng” 


Fig. 6. Rate constants for water exchange of aquo complexes, k1, and second-order rate con- 
stants, kg, for the formation of complexes ML (30, 37) 


Hydrated Fei" and Cu?+ differ widely in their rates of water exchange, and 
there is a spread of rates of substitution for each of these ions over several orders 
of magnitude. As will be described in Section 3, the large differences in ky 
between hydrated Fei". Ni?+ and Cu?+ do not prevent other complexes of Fe(III) 
and Ni(II) from reacting with TMPyP only about 10-2 times more slowly, or 
equally fast as Cu2+. 

The series (22) represents a rather rare case of a set of data obtainable under 
really comparable circumstances. Feng could not be studied at pH 4, but only 
at pH <1, where all porphyrins are protonated. As for series (23), quite different 
species are present in solutions of the corresponding halides in DMF and other 
organic solvents. As was concluded in Section 2.3.3, comparison of rate data on a 
set of MA differing in either M and/or A necessitates rigorous analysis of individual 
systems. 


3. Kinetic Studies in Aqueous Solution 


3.1. General and Specific Salt Effects 


Inert salts have been introduced either to maintain constant ionic strength, or for 
studying salt effects. The major part of the relevant data refers to the insertion of 
hydrated Cu2+ and Zn2+ into TMPyP(+ A). For both metal ions, a linear depend- 
ence on nitrate concentration 


R = hg [M2+] [TMPyPHg] [NOs] (24) 
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has been observed in the interval 0.2<MNO3 <2 M, t.e. at rather high ionic 
strength J (77, 44). The rate law (24) is restricted to J >0.1, as shown by data 
(5) on Cu?+ at rather low J. According to Hambright (44), ks[NOs] equals 0.23 
M-1s-1 (26 °C) in NaNO3 0.1 M, but the second-order rate constants for CuXa 
obtained in the interval 0.002 < I < 0.1 (NaX, X- = NOs, Cl-, Ts-) extrapolate 
(I > 0) to a value of 0.25 (+ 0.05). Salt effects of KNO3, NaNO}; and NaCl produce 
increased rates above 7 =0.1 but the effects are clearly larger for Cl- than for 
NOs, ie ka(NaCl) ~3-3(NaNOs3). The standard inert ion ClOq unfortunately 
precipitates TMPyP(ClO4) 4. Paratoluenesulphonate (Ts), like Cl-, NO3 and ClOa, 
does not form complexes with Cu2+, However, decreased rates are caused by Nals 
at concentrations as low as 10-3 M. As shown in Fig. 7, the concentration of Ts- 
determines the decrease in rate, irrespective of whether the cation is Nat or Ca#t+ 


(6, 7). 


log Ke 


-2 NO3 


-3 


-4 Alog ke =3.8 





-3 -2 -1 0 log c 


Fig. 7. Salt effects in the reaction of Cust with TMPyP( + 4), pH 3; 25 °C. [Cu2+] =5 -10-3 M; 
ke(sec!-). Ts- = CHg—CgH4—SO3 
a : KNOs, Ref. (77); b: KNOs, Ref. (5) 


$ Cu(NO3)2, HNO;, NaTs 


ee CaTsa 
A : NaTs 


H-NMR studies reveal unambiguously that TMPyP(+4) associates quite 
effectively with Fs- (9). Moreover, inhibiting influences of tosylate have been 
confirmed for A containing ligands such as NH3, N3 and HCOz (6). It must be 
concluded that the long-range effects of charges are less important than the 
solvation domain close to the porphyrin. It has not been established whether 
micelles involving more than one porphyrin molecule are formed. Similar asso- 
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ciation phenomena have been found for the dianion of tiron (4,5-dihydroxyben- 
zene-1,3-disulphonic acid) and for sulphosalicylate (9). According to Hambright 
(77), any general salt effect of NaNO; is screened off by PIPES buffer in the reac- 
tion of Zneg with TPPS4(— 4). 

Summarizing available evidence at present, specific ion effects are hardly 
separable from general salt effects in alkali halides or nitrates, but may easily 
become dominant due to short-range interactions in the presence of larger ions. 


3.2. Complexes of Cu(II) and Cu(1) 


Lowering the pH at constant ionic strength produces decreasing rates of insertion 
of Cugg due to the lower fraction of IMPyP present in the free-base form Hab 
in accordance with 


$ net = [PaP] (1 + PE] Ka + rk Kaka). 25) 


Obviously the barrier to insertion is considerably higher in H3P* and H4P2+. 
It is quite difficult to assess the pH dependence for pH > 3 in a reliable way for 
three reasons: 


(i) in unbuffered solutions [H+] increases steadily because of the protons released ; 


(ii) the components of a buffer may associate with the porphyrin, or Cu(II) 
complexes are formed by the base; 

(iii) hydroxocomplexes Cuy(OH)g? 7 (p, g>2) are thermodynamically unstable 
with respect to solid hydroxide phases and Cu2+ (45). 


From studies in unbuffered solutions of compositions 


CuXa 5 -10-4to5 -10-3M 
KX 01M Ass, NO; (26) 
pH (initial) 4.7 to 5.0 


unambiguous proof has been obtained that some hydroxocomplex of Cu(II) 
must react several orders of magnitude faster than Cuag (46). Solutions of type 
(26) contain hydroxocomplexes which change over a period of days into less 
reactive species. 

The function 


= - 





al], (27) 


has been calculated from experimental data as a continuous function of time. 
Considering 


[Cu] > ([HaP] + [CuP]) (28) 
[Cu] > > p [Cup(OH)g] (29) 
KO) 
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it is reasonable to use the normalized function 


eu 
Se = x (30) 





for comparing with values obtained at pH 3 where y is the second-order rate con- 
stant ka. As can be seen from Fig. 8, y(t) is considerably larger than ke and 
decreases as [H+] increases to its final value 


[H+] = [Ht]o + 2 [CuP]., - OUT 





Fig. 8. Insertion of Cu(II) into TMPyP from unbuffered solutions (26); KNO3 0.1 M; 25 °C. 
The function y(t}, Eq. (30), is plotted vs the fraction g of CuUP formed. Initial concentrations: 
a: Cu{NOs)a 5 -10-4 M; TMPyP 2.1 -10-5 M 
b: Cu(NO3)a 1-10-32 M; TMPyP 2.05 -10-5 M 
c: Cu(NO3)a 2-10-83 M; TMPyP 2.36 -10-5 M. 

Age of stock solution 2d (Cu(NO3)a 4 -10-3 M) 
d: second-order rate constant $g for pH =3 


It is well known that on the time scale of the insertion reaction the proton- 
ation of Cu(OH)t and Cu2(OH)3* is a rapid reaction. If pre-equilibria involving 
these hydroxocomplexes were established continuously and the subsequent 
formation of higher polynuclear species proceeded much more slowly, one could 
apply the rate law: 


f(t) = ke [Cu2+] + ka [Cu(OH)*] + ka [Cu(OH) 24] 
K [Cu2+] e [Cu2+]? E (32) 
LI [Cu(OH)*] [H+] > “7% `" [Cus(0H)$*] [A+]2 
4) Equation (31) refers to analytical concentrations of Ht. 
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Inserting values suggested by literature data for K 1 (47) and $22 (48), curve- 
fitting procedures have been applied to test the validity of Eq. (32). Although 
each individual run involving ke obtained at pH 3 could be fitted with Eq. (32), 
the pairs of parameters kg and kg depend on [Cu]; and on the age of the solution. 
Hence, the conditions for applying Eq. (32) are never fulfilled in a strict sense. 
Independent evidence is given below to support the conclusion that Cu(OQH)t+ 
is the kinetically relevant hydroxocomplex. 

If we accept 7 <log K 1 <8, data such as those shown in Fig. 8 are compatible 
with 

Cu(OH)* : 1073 < k < 10+4M-Is-1. (33) 
Whereas catalysis by OH- coordinated to Cu(II) produces effects of the order of 
at least 10*4 in k2, carboxylates such as HCO2 or CHgCOg are much less effective. 


At rather high ionic strength and constant pH 4.6, no spectacular catalysis is 
observed as shown in curve a of Fig. 9. 


lag ka 
+2 


+1 





-2 -1 D log Kon 


Fig. 9. Catalysis of the insertion of Cu(II) into TMPyP by acetate and formiate. ke(sec-!); 
25 °C. (5, 6, 7). Average number # of carboxylates per Cu(II) indicated. 

: 7=1.0 (KNOs); [Cu]; 1 -10-4 M 

: I from 0.006 to 0.50 (NaCH3CO3); [Cu], 5 -1074 M. kg = %e/[Cu]: 

: I from 0.007 to 0.26 (NaHCOg); [Cu]; 5 -10-4 M. ko = ke/[Cu]: 

: KNO3, HNOs, from Ref. (77) 

: ke (I+0); pH 3 


aus C E 


These data are reproducible by a rate law 
R = kp [Cu2*] + k, [Cu(ac)+] + Si [Cu(ac)a] (34) 
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where $9 sai ba kz. Actually, RS accounts for the small fraction of Cusa which is 
deprotonated at pH 4.6. Curve 0 joins curve a at higher concentrations of acetate, 
thus showing that kg is independent of I opposite to ER and k2. In the series b 
and c of Fig. 9, the ionic strength is determined by the concentration of NaRCO3 
(R =CH3, H}. Comparison with data for pH 3 in curve d unambiguously demon- 
strates catalysis by RCOa. Rate constants for Cu(RCOe) have been derived from 
data for higher concentrations of RCOg: 


Cu(CH3COa)a : ky ~ 50 M-1s-1 (25 °C) (35) 
Cu(HCO2)a : kg ~ 30 M-1s-1 (25 °C) 

In Fig. 9, curves 6 and c extrapolate to values around point e for 
IRCO2] ~2-10-3 M, where [Cu(RCO2)2] is negligible compared to [Cu?+] and 
ICu(RCOs)*]. This is remarkable, because the pH values for b, c and e are 4.6, 
3.8 and 3, respectively, suggesting that in solutions containing [RCO2] =[RCO2H] 
there is no dependence of E on pH. When all other variables are kept constant, 
increasing concentration of CH3COsH lowers the rates of insertion of Cu(II) or 
Ni(II) (7), suggesting selective association of TMPyP with CHsCOgH. Clearly, 
rate laws such as (34) cannot be valid in a strict sense because the variables are 
not really separable. 

Azide is more effective than acetate, as shown clearly by data obtained in 
0.2 M NagTs (Fig. 10). From the rate dependence on [Cu(N3)*] calculated from 
equilibrium data (47) the relevant rate constant can be estimated to be ka ~20 
M-1s-1, which is considerably higher than %./[CuJ]tot = 0.04 for the corresponding 
system without azide. Correcting for the inhibiting effect of tosylate, it is deduced 


log Ke 





-4 -3 -2 log [NZ]; 


Fig. 10. Catalysis of the insertion of Cu(II) into TMPyP by azide. Total concentrations: 
Cu(II) 5:10-83 M; CHagCOeH, CH3CO, 5 - 10-8 M; I =0.2 (NaTs); 25 °C; ke(sec~4) 
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that under comparable conditions the relative rates of insertion of Cu2+, Cu(N3)* 
and CuOH* cover a range of at least three orders of magnitude: 


Cu2+ Cu(Ns)* Cu(OH)+ (36) 
ko (rel) 1 5-102 >25 -10t8. 

In this context, it is quite important that Cu(NH3)?+ reacts only slightly 
faster than Cu?+ under comparable conditions. The kinetic data plotted in Fig. 11 


demonstrate that the species Cu(NHa)a", n>2, reacts more slowly than 
Cu(NH3)®*. 





1 2 n 


Fig. 11. Insertion of Cu(NH3;)}* into TMPyP. Total concentrations: Cu(II) 1-10-3 M; 
NH4NO3 1 M; 25 °C. pH: 2 (HNO3, 7 =0); 4 to 6.4 (ñ 0.09 to 2.34). 


As for bidentate ligands, spectacular effects are produced by tironate (IX) and 
8-oxyquinolinate (X). 


OH OH 
OH Ny 
“0,87 XA Sie 7 4 
Hətir?- hoq 


On the other hand, dipyridyl retards the insertion according to rate coeffi- 
cients decreasing in the order 


Cu2+ > Cu(dip)2+ >> Cu(dip) e? (37) 
The insertion of Cu(II) from Cuftir)2- into TMPyP(+ 4) in the interval 3.4 < 
pH < 3.9 had to be followed by the stopped-flow method (7). The data in Fig. 12 


show that the reaction is slightly retarded by an excess of Hetir2-, which forms 
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complexes [TMPyP - (Hatir)„]*"2*. This has also been observed in the insertion 
of Fe(III) from Fe(tir)— and Feit? (Section 3.5), the effects being compatible 
withx=1, K~1.2 (+0.3) - 10+? in all cases. 


log ke 





-4 -3 log [Cu(tir)?] 


Fig. 12. The reaction of Cu{tir)2- with TMPyP in aqueous solution, J = 0.1 (KNO3); 25 °C. 
Observed rate coefficient ke vs. concentration of Cu(tir)2- calculated from equilibria data (47) 


Table 5. The influence of bidentate ligands on the insertion of Cu(II) into TMPyP. Second- 
order rate constants ke (M-!sec-!) refer to complexes in the first column. 25 °C. Hetir2- (IX); 
hoq (X); dip: 2,2’-dipyridyl 








Complex Ra Medium Ref. 
Cu(tir) 2- 1.6 - 10+3 KNO3 0.1 M; pH 3.3—3.9 (5, 7) 
Cu(oq)t 0.7 -10*3 NagSO, 0.1 M; pH4 (42) 
Cosi 0.20 KNO; 0.1M; pH 3 (7, 11) 
Cu(dip) 2+ 0.11 KNO, 0.1M; pH 3 (7) 
Cu(dip) (OH ~2 -10t8 


) KNO3 0.1M; pH 9.2—10.2 (7) 
Cu(dip) (OH)a ~4 :10+3 





Ligand catalysis by oxyquinolate (42) is also very effective (Table 5). The strik- 
ing difference between the strongly basic bidentate ligands containing one Log" 
or two (tir4-) oxygen atoms on one hand and the nitrogen ligand dip on the other 
hand reveals the importance of proton transfer from HaP to a coordinated ligand. 
This is also supported by the observation that the mononuclear Cu(dip)(OH)+ 
reacts much faster than the binuclear Cuedip2(OH)3* , whereas Cudip(OH)a 
is equivalent to Cudip(OH)+ within a factor of two. Kinetic data obtained by 
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stopped-flow procedures have been analyzed on the basis of Martell’s equilibrium 
data (47) by applying the rate law 


R = kg [Cu(dip)OH] + k, [Cu(dip) (OH)g] + %, [Cugdipg(OM) 2] . (38) 


Hence, one must conclude that steric requirements do not discriminate be- 
tween dip and tir4-, or oq~. It is quite striking that ligand catalysis by the mono- 
nuclear hydroxo species CuOH* and Cu(dip)OH*, and by complexes containing 
the strong base groups Cu(tir)2- and Cu(oq)* (reminescent of the hypothetical 
cis-Cu(OH), or Cu(QH)* produce quite similar rates of insertion. It is justified 
to suppose that a limiting rate has been reached in these cases. 

Clearly, from the point of view of lability, Cu(I) complexes should react fairly 
fast. As expected, porphyrin complexes of Cu(I) are highly unstable with respect 
to Cu(II) porphyrins. Cu(I) has been studied in the mixed solvents water-aceto- 
nitrile and dimethylformamide-acetonitrile (6). Unlike many other complexes 
of Cu(1), CulTMPyP does not disproportionate according to 


2 Cu(I) === Cu(II) + Cu(O). (39) 


The porphyrin is quantitatively transformed into Cu(II)P, which means that 
solvent components are reduced by the intermediate CuIP. Hence, observable 
rates of formation of CullP refer to concerted insertion and electron-transfer 
steps. The dependence on total Cu(I) in CH3CN 5 M corresponds to a case of 1:1 
association with stability constant K ~ 10+, as indicated in Fig. 13. 

When the rate law (18) is applied, the product (kz Ko) = 3: 10+? M-1s-1 
is obtained, showing that in water-acetonitrile (5 M) insertion of Cu(I) proceeds 
more slowely than insertion of Cu(II) from Cuftir)2- described above. However, 





Cuil) 


14 103 102 107 


Fig. 13. The reaction of Cu(NCCH3)} with TMPyP in water-acetonitrile (5 M); 25 °C. Cal- 
culated curves represent the law (18) with association constants indicated 
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the rates depend strongly on the concentration of CH3CN. At the lower limit, 
about 1 M CH3CN, Cu(]) is inserted slightly faster than Cu(tir)2-. Increasing con- 
centration of CH3CN favours the higher members in the series Cu(NCCHs)a, 
n =2, 3, 4 (49). As indicated in Fig. 14, tetrahedral Cu(NCCHs3)4 reacts at least 


log Ke 





0 + log [CH3CN] 


Fig. 14. The dependence of k, on the concentration of CH3CN. [Cu(I)] =5 -10-3 M 


two orders of magnitude more slowly than Cu(NCCH 3)2. The imidazole complex 
Cum is far more stable than Cu(NCCHs)3, overall stabilities amounting to 
log B2 10.8 and 4.3, respectively (49). From the linear dependence of ke on 
Cu(im)2, ka=5 : 10+? M-1s-! has been determined, providing another example 
of complexes for which ke ~10*8 M-1s-1, Table 6 summarizes data on Cu(I) 
and Cu(II). 


Table 6. The influence of monodentate ligands on the insertion of Cu(II) and Cu(I) into 
TMPyP. ka (M-1sec~1); 25 °C; aqueous solutions 





Reactants ko Medium Ref o 





Cu(II)-TMPyP 


Cous 2.3 NaNO; 1 M; pH 3 (44) 

7.0 NaSO, 0.1 M; pH 3—4; 55 °C (42) 
Cu(NH3)2+ 5 

NH4NO3 1 M; pH 4—6 (5, 7) 

Cu(NH3) 373,4 2 
Cu(Ng)t 20 NaTs 0.2 M; acetate buffer (6) 
Cu2t 0.04 NaTs 0.2 M; acetate buffer (5, 7) 
Cu(OH)* est. >10+3 Na(Cl,NOg) 0.1 M (46) 
Cu(CH3COg)e 50 I var., M(Cl-, NO3) (5) 
Cu(II)-Deutero3) 
Cu(CH3CO2)2” 3.2 I 0.5; CHgCOg (H,Na) 0.1 M (76) 


148 


Kinetics and Mechanism of Metalloporphyrin Formation 


Table 6. continued 


Reactants Ra Medium Rei o 
Cu(IT)-HaematoP) 

Cu(II) 0.02 NaOH 0.5 M (76) 
Cu(I)-IMPyP 

Cu(im)} 5 -10+2 Hs0--CHsCN (5 M); pH ~7 (6) 


Him*+ / im 0.025 M 


a) Deuteroporphyrin-2,4-disulphonic acid dimethylester. 
b) Haematoporphyrin IX. 
e) For further data up to 1973, see Ref. (43). 


3.3. Complexes of Zn(II) 


Variation of A in Zn(II) complexes has recently been studied by Hambright (11), 
whereas previous scattered data refer mostly to solvated ions. The same rate laws 
are found for the reaction of Zn2+ and Cu2+ with TMPyP in alkali nitrate solutions 
at pH <4, but the corresponding rate constants are about 50 times smaller for 
Zn2+. The complications pointed out in Sections 2.2 and 2.3.3 arise at pH >4 
when buffers have to be introduced. In NaNQg3 1 M, the 2,6-lutidine buffer en- 
hances the rates, and the parameters ke increase when the pH is raised. Catalysis 
by pyridine has been analyzed (77) in terms of the rate law 


3 
— 2 kn [Zn(py) nt] [NO3] (40) 


The data show clearly that Zn(py)2+ and possibly Zn(py)3* react faster than 
Zn2+ by factors of 10 and 40, respectively. Acetate also produces acceleration, as 
expected from data on Cu(II). Rate expressions of type (40) do not seem to fit 
data on Zn(NH3)n" . In particular, no appreciable dependence on nitrate was 
observed (77). This agrees with the results on Cu(NH ai? discussed in Section 
2.3.3. It is less surprising that no effect was observed in the reaction of Zu(NH3)a 
with TPPS4{ —4) when the concentration of NaNO} was raised from 0.3 to 1.2 M. 
Second-order rate constants attributed to Zn(NH3)3" and Zn(NH3)4* are 200 
and 10 times larger (8.7 <pH <9.9) than for Zn2+ at pH 6.5. Effects of NH4, 
however, have not been considered in this work (77). If it is true that the rate 
does not depend on NH4, Zn(II) shows quite different behaviour from Cu(II) 
in amine complexes (see Section 3.2). Even larger effects have been reported in 
the reaction of Zu(NH3)5" with uroporphyrin (77). It is very interesting that 
én(ON)s 3 and Zn(OH% seem to react with the same porphyrin more slowly than 
Zn(NH3)3" by at least a factor of 10-3 (77). However, some reservation may be 
justified in view of the difficulties of obtaining reliable data on hydroxocomplexes 
of metal ions quite generally. Polynuclear complexes of Zn(II) would certainly 
react much more slowly than mononuclear species, as suggested by the behaviour 
of Cu(II) described earlier. 

At pH ~ 7, rates of insertion into TMPyP(-+ 4) and into the stronger base 
TPPS4(—4) are about the same in 1 M NaNOs, and 1 M NaClO4, respectively 


149 


W. Schneider 


(Table 7). Hence, no evidence for pronounced effects of differing base strength 
of pyrrole nitrogens emerges from these data. 


Table 7. The insertion of Zn(II) into water-soluble porphyrins. Data from Ref. (77) 


Reactants ko Medium Temp. 

TMPyP(+ 4) 

Zn2+ 0.049 NaNO; IM; pH 3 22 °C 
0.50 NaNO; 1 M; pH 6.7 22 °C 


Lutidine buffer 0.05 M 


Zn(py)2+ 0.7 
i NaNO; 1 M; pH 5.3 27 °C 

Zn(py)s* 1.8 

Zn(CH3COg)t 0.5 
NaNO; ! M; pH 3.7 22 °C 

Zn(CH3CO2}2 2.9 

TPPS4(— 4) 

Znet 0.76 NaNO3 0.02 to 0.6 M 25 °C 
pH 6.3 to 7.1 

Zn(OH)t 41 PIPES ~10-2 M 

Zn(NHg)2+ 200 NaNO; 0.3 to 1.2 M 25 °C 
pH 8.7 to 9.8 


3.4. Complexes of Ni(II) 


As was shown by Phillips (42), Ni2+ reacts with TMPyP much more slowly than 
Cu2+ by a factor of at least 3- 10-4 at 55 °C. Data from Hambright (11) indicate 
about 0.5 : 10-4 for the same factor at room temperature. Therefore Ni(II) pro- 
vides a good case for a test of the principles governing catalysis of incorporation. 
We are not discussing here in detail how CH3COz, NH3 and NHeCH2COz raise 
coefficients %,/[Ni(II)]; up to some 10-3 M-1s-1 in corresponding buffers. However, 
two observations are worth mentioning. First, Fig. 15 demonstrates that, if all 
other components remain at the same concentration, increasing the concentration 
of CH3COeH lowers the rates. Secondly, varying the average number ñ of NH3 
per Ni(II) from 2.8 to 4 produces slightly lower rate parameters k,/[Ni(II)], 
which indicates that the higher complexes Ni (Hals (n =4, 5, 6) are not reacting 
faster than the lower ones. However, if 7=5.6 is reached in strong ammonia 
solution (NH3 0.7 M; pH ~11.6), the coefficient %,/[Ni(II)] increases by a factor 
of about 500 from 7- 10-4 (average for ñ =2.8; 4) to 0.4 M- Kafe Hence, under 
suitable conditions, Ni(II) can be inserted as rapidly as Cusq- Of course, it is 
hardly possible to discriminate between the two possibilities: (i) that a small 
percentage of HP- reacts very fast with Ni(NH3);° a ‚or (it) that hitherto undetected 
Ni(NH3)„(OH)*+ is superior to ammine complexes in the same way as Cu(dip)OH* 
with respect to Cu(dip)2+. Rather well-defined conditions may be realized when 
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-3 -2 -1 d log [Hac); 


Fig. 15. Formation of Ni(TMPyP)4+ in solutions with constant total concentrations Ni(NOs3)a 
0.05 M; KNO3 0.5 M; K(CH3COg) 0.5 M. Variable: CH3CO>sH (= Hac) added. From equilib- 


rium data: Ni(ac)?", n =0, 1, 2; ñ= 0.93. 


chelating ligands such as glycylglycine (HGG) and glycylsarcosine (HGS) are 
introduced. Stability constants have been redetermined (50) in the system 
Ni(II)/HGG. The complexes Ni(GGH_1) and Ni(GGH-_2) have been detected 
by Martin, Chamberlin and Edsall (57) whereas several other groups have deter- 
mined stabilities of the normal series Ni(GG) 2" n=1,2,3 (52). Table 8 summarizes 
the constants used to calculate the composition of reaction mixtures. A typical 
distribution diagram for a set of solutions studied is shown in Fig. 16. Clearly, 
the concentrations of Ni(GGH_:)- and Ni(GGH_,) change quite considerably 
from pH 7 to 9.5. In the latter complex, deprotonated glycylglycinate coordinates 
by N(RNHg2), N-(peptide) and O(RCOg) to Ni(II). Hence, unless Ni(GGH-ə) is 
an artefact of computer fitting procedures, it ought to be a mononuclear hydroxo- 
complex Ni(GGH_1)OH-. It is not present in significant fractions around pH ~7 
where k,/[Ni(II)] approaches similar values (about 10-3 M-1s-1), as obtained for 


Table 8. Stability constants of complexes in the system Ni(II)-Glycylgly- 
cine. I =0.1 (KNO3); 25 °C. Ref. (50). GG- = HaNCH2CONHCH2CO, 


log K log 8 


H++GG- 2 HGG 8.15 
Ni2+ + GG- = Ni(GG)+ 4.14 
Ni(GG)+ + GG- > MATCH 3.23 B2 7.37 
Ni(GG)g + GG- > Ni(GG)z 2.54 B3 9.91 
Hr + Ni(GGH_) <> Ni(GG)+ 8.91 17.64 
H+ -- Ni(GGH_9)- <Ni(GGH_,) 8.73 


151 


W. Schneider 


ammonia, acetato and glycinato complexes. However, from an extended series 
of kinetic runs, a linear correlation between the experimental parameter ke and 
[Ni(GGH_2)] emerges as shown in Fig. 17. 
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Fig. 16. Distribution diagram of Ni(II) complexes. 

HGG = Glycylglycine; 

a = Ni(GGH_,) (OH); b = Ni(GGH-1) 

c = Ni(GG)*; d = Ni(GG)2; e = Ni{GG)3. 

Solutions marked with dashed lines were used in kinetic studies (Fig. 17) 


The system Ni(II)/glycylsarosine (HGS) is slightly less complicated since no 
analogue to Ni(GGH_s)” exists. Martine stability data (57) have been used for 
this system. The pK 10.9 associated with the pair Ni(GS)+/Ni(GS)H_y is signif- 
icantly higher than the 8.7 determined for Ni(GGH_1)/Ni(GGH-_2)-. Since GS- 
contains a methylated peptide group, it is postulated that Ni(GS)H_1 = Ni(GS)OH. 
From data obtained in the interval 6.9 < pH < 9.2, the linear relation in Fig. 
18 involves practically the same coefficient kg =5.7 (+ 1.5) M-!s-! as is derived 
from the data in Fig. 17. Hence, metal insertion into a porphyrin may provide a 
method of detecting mononuclear hydroxocomplexes in certain cases. Alterna- 
tively, the ligands GG and GS- are important mainly because they stabilize 
mononuclear hydroxo complexes with respect to polynuclear species. 
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Fig. 17. The insertion of Ni(II) from glycylglycine complexes into TMPyP: ke vs. [Ni(GGH-2)7]; 
Ni(GGH_2)- = Ni(GGH-1) (OH). kg =9 + (7) M-1sec-1. Equilibrium data for ionic strength 
I =0.1 have been used 
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Fig. 18. The insertion of Ni(II) from glycylsarcosine complexes into TMPyP: ke vs. 
[Ni(GIS)(OH)]; 25 °C; 6.9<pH<9.2; [Ni]; 0.9 to 4 -10-2 M; [HGIS] 2 to 8 -10-2 M 
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The reaction of Ni(tir)2- with TMPyP can be followed only over about one 
half-time because precipitates containing Ni(II), tir and TMPyP are formed. 
The second-order rate constant ke ~0.4 M-1s-1 (7) is about 10+* times larger 
than for the insertion of Ni2+, which agrees with the results obtained for Cu(II) 
under similar conditions. 


3.5. Insertion of Fe(III) and Fe(II) 


Apart from Kassner and Wang’s (27) studies discussed in Section 2.3.1, no system- 
atic work on Fe(II) has so far been reported. Iron porphyrins are usually prepared 
from Fe(II) compounds such as acetates. The variation of ligands is quite restricted 
since A may stabilize Fe(III) to such an extent that, for example, the reaction 


Fe(I) A + Ht —— Fe(III)A + 1/2 He (41) 


could interfere with the insertion. It has been postulated that Fe(III) would 
quite generally form porphyrin complexes very slowly, possibly more so than 
Ni(II) (7). 

Mononuclear hydroxocomplexes have been identified in studies on Fe(edta)~ 
and Fe(nta), but dimerization to (edta)FeOFe(edta)4— is well established (53), 
and further oxygen-bridged binuclear complexes of Fe(III) have been character- 
ized (54). Polynuclear hydroxocomplexes Fe„(OH)?2: un (55) formed in chloride 
media at 1.8 < pH <2.3 do not react with TMPyP within one week, nor do mono- 
nuclear complexes of Fe(III) containing CH3COg, N3, CO: , HL?- (HL = 
Phosphoserine) or (OgP—CH2—PQs3)*-. 

Tiron (Hotir)2- forms predominantly blue Feftir)-, violet Fe(tir)3” and red 
Fe(tir)3” around pH 3, 5, and 7, respectively (56). As expected, the last complex 
is perfectly inert with respect to the incorporation reaction. However, the 1:1 
and the 1:2 complexes containing four and two water molecules in the inner 
sphere react faster with TMPyP than hydrated Fe?+ (Table 9). An upper limit 
ka< 10-7 M-1s-1 for the insertion of Fe?+ at 40 °C has been estimated (5). At the 
same temperature, the second-order rate constant for the reaction of Fe(tir)- 
with TMPyP has been determined to 2.2-10-2 M-1s-1 (Table 9). Since Fe#+ 


Table 9. The insertion of Fe(II) and Fe(III) into TMPyP in aqueous solution. Hatir?=: 
tiron (IX); ke (M-Isec-1); 40 °C. Ex: kcal/mol; 25°—40 °C; AS* cal -mole-1K71 








Complex ke Medium Ea, AS* 
Fe2+ 0.18 - 10-2 I = 0.5 (NaCl) 14.5 (41.5) 
pH 3.2: CH3COz(H,Na) —27 (+5) 
Fe(tir)- 2.2 -10-2 I -=0.5 (NaCl) 17 (+1) 
pH 3.2: CHgCOe(H,Na) —17 (42.5) 
e(tir)3- 0.20 0.1<1<0.6 (NaCl, = 


NaCHsCOs). pH 5: 
CH CO (H,Na) 
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forms metalloporphyrin much more slowly than Fe(tir)-, it is possible to follow 
the insertion 


Fe(tir) + Hab —— FelllP + Heatir?- (42) 
in presence of Fe?* at pH ~3. The equilibration 
Fe(III) + Felti)- = 2Fe?+ + CgH_02(SOz)2- (43) 


can be suppressed to a great extent by the addition of Fe?+. Oxidation of Dron 
is no longer detectable when the concentration of Fe(Htir) vanishes in relation 
to Fe(tir)- and Fe(tir) 3~. It can therefore be ruled out that either of these complex- 
es is able to incorporate iron in the chain (45, 46). 


Fe(III) + Red CCS Fe(II) + Ox (44) 
Fe(II) + Hab ——> Pepp + 2 Ht (45) 
FellP + Fe(III) = Felllp + Fe(II) (46) 


Felll(TMPyP)5+/Fell(TMPyP) 4+ 


(47) 
Eo = 0.18 (£0.01) V (vs. NHE) 


Schoder (9) has determined the oxidation potential of the couple (47), and it 
can be deduced that in solutions containing Fe?* and Fe(tir)- at pH 3, both 
FellP and FeMIP are formed. On the other hand, in 1 M HCl, the complexes 
FeCl,” (n =Q, 1, 2) oxidize Fe!l(TMPyP) completely and rapidly to the extremely 
stable Felll(TMPyP)Cl4+. Hence, the insertion of Fe(III) from intensely coloured 
tiron complexes can be stopped by quenching in acid solution whereby the tiron 
complexes are decomposed. 

Any excess of Dron at pH ~3 retards the reaction due to association of 
TMPyP(-+-4) with Hetir?- (1:1, K ~10+?). When the pH is raised to 5, relative 
concentrations Feftir)- < Fe(tir)3"> Fe(tir)3 are established if the molar ratio 
tiron/Fe(III) equals two. Association of TMPyP(+ 4) with Peti? is even 
stronger than with Hetir?-. 


Fe(tir)S- + HpP4+ == {Fe(tir)g -HgP}- K =3 - 10+8 (48) 
kz 
{Fe(tir)2 - HP} + 2HB —— Felllpö+ 4 2 Hotir2- + 2 B- (49) 
R = ko - [Fe(tir)5-]* [HeP]* 
[Fe(tir)3-]* = [Fe(tir)3-] + [Fe(tir)2 - H2P] (50) 
[HeP]* = [HaP] + [Fettir)g - Gap 
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The coefficient kg (50) obtained from the experiment is the function 


K Re 


Rasse I a er eu Dunn ei 
? (+ [HaP] K) (1 + [Fetting] K) ' (51) 


Fig. 19 shows data on solutions in which the association of Hatir?- with H2P 
is negligible and [Fe(tir)3 ] is exceedingly small. 


+2 ys 
10°*-k5 





[Fete] 
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Fig. 19. Kinetic evidence for the association of TMPyP(+4) with Fe(tir) er The coefficient 
ko is defined by Eq. (50). Molar ratio tir/Fe =2; pH 5.1, J =0.5 (NaCl, CH3CO,), 40 °C. The 
curve is calculated for K =3 -10+3; ka (c>0) =0.20 M-Isec-1; [P]:< [Fe] 


The highest complex, Fe(tir)27, can no longer be neglected if at pH 5 more than 
two moles tiron per Fe(III) are introduced. Fig. 20 shows that association between 
Fe(tir)g” and TMPyP(+ 4) produces an inhibiting effect on the insertion. The 
ke coefficients are now extended functions of type (51). The association constant 
K ~6-10+t5 accounts for this inhibiting effect. The rate coefficients summarized 
in Table 9 fit all data referring to a matrix of composition within the boundary 
concentrations 


Fe(III) 3-10-4to3-10-3M 
tiron 1 - 10-8 to 1.1 - 10-2M 
tiron/Fe(III) 1 to 11 
HP 2.4 . 10-5 to 3 - 10-4 
(52) 
pH 3 to 5.5 
buffer NaCHs3COe/CH3COeH 0.05 ....... 0.5 


u (NaCl, NaCH3CO2) 0.1 to 0.6 
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ke-10° 

5 0.05 
4 0.08 
3 0.2 
2 





[Hotir}, 


2 4 6 8  10-10°M 


Fig. 20. Kinetic evidence for strong association of TMPyP(-+ 4) with Fe(tir) = The solutions 
differ only in the total concentration of Hetir?-. [Fe]; = 1.0 -10-3 M, [HaP]ı = 2.4 -10-5 M; 
pH =5.0; 7=0.09 (NaCl, NaCH3COs) ; 40 °C. The numbers indicated are calculated concen- 
trations of Fe(tir)3 in units of 10-5 M 


The data collected in Table 9 are most important as they show that well- 
chosen complexes of Fe(III) may react even faster with porphyrins than hydrated 
bei. 


4. Kinetic Studies in Organic Solvents 


4.1. Bivalent Metal Ions ın Acetic Acid 


Insertion of Cu(II) and Zn(II) into TPyP was studied by Chor and Fleischer (57) 
in aqueous solution containing 8.3% acetic acid, and 0.01 M HClO, to ensure 
protonation of the peripheral pyridyl groups. It was found that the ratio ks" I 
k2” ~ 30 is nearly the same as for the parent TMPyP(+ 4). When the fraction 
of acetic acid is gradually increased up to one, the relative rates vary as indicated 
in Fig. 21. The drop to the left largely results from increased electrostatic repulsion 
between Cu?+, Cu(CH3CO2)t and HaTPyP(-+ 4). This effect, of course, cannot 
be separated from the retardation by preferential solvation of the porphyrin 
with acetic acid. The maximum rate around 90% CHsCO2H undoubtedly stems 
from the gradual conversion of copper into Cu(CH3COs3)a. The second drop results 
from the gradual formation of dimeric Cug(CH3COg)4 ‚which is less reactive than 
the mononuclear complexes. On comparing relative rates for Mn(II), Co(II), 
Ni(II), Cu(II) and Zoff), it is found that the order is modified as compared to 
aqueous media (Table 10). The solvated species in acetic acid are obviously 
no longer comparable with each other. 

Brisbin’s studies on the incorporation of these metals into haematoporphyrin- 
and protoporphyrin-IX-dimethylester also await better knowledge of species 
in pure acetic acid (58, 59). As for Cu(II), the rate law 


R = k -[Cu(Il]¥2 - [HP] (53) 
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Fig. 21. The relative rates of the reaction of copper acetate with TPyP as a function of acetic 
acid content. Initial concentrations: Cu(II) 1.67 -10-2 M; curve A: TPyP 6.67 -10-5 M; 
curve B: TPyP 6.60 -10-5 M; 25 °C. From Ref. (57) 


Table 10. Relative rates of formation of M(II)P under comparable conditions for each row 


HaP/Solvent Fe(II) Matt Co(II) Ni(II) Cu(II) Zn(II) Ref. 
TMPyP/H20 0.2 -10-3 1.4-10-3 1.2-10-3 3-10-5 1 3.10-2 (5, 77) 
TPyP/CH3COsH 1.5 -10-2 0.2 6-10-2 1 (57) 
Haemato/CHgCOs3H 3 -10-2 0.9 1 (59) 





has been verified for HP =TPyP, diacetyldeutero- and haematoporphyrin. 
The spread induced by different substituents is rather small, & having the relative 
values 1, 2.3 and 4.1 for the three porphyrins (60). 


4.2. Variation of the Porphyrin 


Berezin (10) has recently reviewed the work of his group involving the reaction 
of cupric acetate and zinc acetate with fourteen different porphyrins®) including 
chlorins. As for ethanol solutions, crucial effects of complex equilibria are indicated 


5) Porphin; Etio-I,II; Meso IX; Proto IX; Pyro XV; Phyllo XV; Pheophytin a, b; Pheo- 
phorbid a; Rhodin g7; Chlorin eg; synth. Chlorin; Etiochlorin Il. 
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by the data. However, it is seen that for ten of the fourteen porphyrins, the rates 
of Cu(II) insertion are spread only over a factor of 3. The corresponding coeffi- 
cients kej[Cu]tos average to 1.5 M-is-1, which is close to the value of about 2 
for the pair Cu2+/TMPyP(+ 4) in 1 M KNO». If total metal concentrations are 
kept in the range 10-8 to 10-2 M in ethanol, Zn(II) is incorporated only slightly 
more slowly than Cu(II), which indicates that the formation of dimeric Me(ac)4 
is restricted to Cu(II). 

Hambright (61) has reported data on the reaction of Zn(II) with a series of 
twelve porphyrins®) in pyridine-water (11% v/v) mixed solvent. Under comparable 
conditions, the rates spread only over a factor of 5. For example, porphin itself 
differs from Uroporphyrinoctamethylester by a factor of only 1.5, whereas tetra- 
(p-methoxyphenyl)-porphin forms ZnP five times faster than porphin. Longo and 
Adler (43) reported a careful study of the insertion of Cu(II) into tetraphenyl- 
porphines containing further substituents at the phenyl rings. Cu(II) has been 
introduced as the chloride, and dimethylformamide (DMF) was shown to be a 
suitable solvent. Particular attention has been paid to the determination of 
activation parameters AH * and AS*. As shown in Table 11, second-order rate con- 


DMF 
Table 11. CuCly +HaP —~ CuP +2 HCl; 54 °C; 
from Ref. (43) 


AG* A" 4S 
TPP 19.6b) 16.5 — 10.0 
p-—Cl2) 19.8 14.7 15.6 
pCH3 19.5 12.1 — 22.6 
p—CN 20.3 12.0 — 24.6 
p—NOsa 20.2 13.5 — 20.4 
p—OH 18.8 8.5 — 30.6 
p—OCH3 18.7 14.7 — 12.2 
o—OCoHs 20.2 23.8 11.2 
m—CH3 19.7 15.8 —11.9 
o—CH3 20.6 24.9 13.1 
TPC 20.1 19.1 — 3.4 
T(n—Pr)P 19.7 13.4 — 19.2 
Porphin 19.8 19.6 — 2,6 
Etio I 19.4 16.6 — 8,6 
Etio II 19.4 16.6 — 86 


a) p—Cl = ms—tetra(p—chlorophenyl)porphin, etc. 
b) Uncertainties in AG* ~ + 0.03, in AH* ~ 10.7, 
in ASF— + 2.0. 


6) Meso-IX-DME; Deutero-DME; Hemato-DME; Proto-DME; Dibromodeutero-DME; Por- 
phin; Etio-III; Uro-I-OME; TPP; phenyl substituted TPP: p—OCH3, p—CHsg3; pCl. 
(DME: dimethylester; OME: octamethylester). 
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stants spread over a factor of 20. Taking porphin as a reference (k9), the substi- 
tuent effects to either side are rather small: 
ka (P—OCH;) = —— . 29 
3.4 (54) 
kə (0—CH3) = 5.4 R3. 


Phenyl substituents in meso positions do not affect the rate with respect to por- 
phin. There is a considerable variation in AH* and AS*, but the compensation 
effect is remarkable, as shown in Fig. 22. 





10 15 20 25 
AH* 


Fig. 22. The compensation effect for the reaction of various porphyrins (see Table 11) with 
CuClg in dimethylformamide. From Ref. (43) 


The parameter AH* is lowest for R = p-OH and highest for R=o—CHs3: 


AH+  AS* 
cu. | o0-CHs 3 +13 (55) 
Ee | p—OH 85-31. 


This provides convincing evidence that the effect of these peripheral sub- 
stituents is not electronically transmitted to the central part of the porphyrins. 
Rather solvation effects affect outer sphere association, 7.2. Kos, as discussed in 
Section 2.3.1, and x in Eq. (13), where the electrostatic potential of peripheral 
dipoles is an important factor. 

Altogether, the variation of porphyrin ligands does not provide as much insight 
into the relevant elementary steps as does the variation of A in MA. 
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4.3. Complexes of Cu(II), Fe(II) and Fe(III) in Dimethylsulphoxide-Ethanol 


The mixed solvent dimethylsulphoxide-ethanol (20/80% v/v) provides better 
solubility of salts than pure DMSO. Metal ions select ligands according to the 
series DMSO > H20 > EtOH. The solvated ion Cu2* in the mixed solvent reacts 
with TMPyP(+4) about five times more slowly toward the low ionic strength 
limit than does hydrated Cu2+ in aqueous solution (6). Whereas thiocyanate is 
oxidized by Cu2+ in water, Cu(NCS)+ is a well-defined complex in the mixed 
solvent. The stability constant has been determined to K =8 ( + 0.2) M-! (0.02 < 
I,<0.05). Catalysis by NCS- is quite remarkable, as shown in Fig. 23. 


log Kp 





-3 -2 -1 log [KNCS] 


Fig. 23. The catalysis of the Cu(II)-TMPyP reaction by thiocyanate. Mixed solvent dimethyl- 
sulphoxide-ethanol (20/80% v/v). [Cu(II)]: 5 -1073 M; [CH3CN] 1 M; 25 °C 


The rate law 
Re = kg ` [Cu(NCS)*] [NCS=] (56) 


indicates either specific ion effects of NCS- or very reactive Cu(NCS)a having low 
stability, Ka< 1. The same behaviour, including the rate dependence of type 
(56) and k3 ~ 10+? is found for the catalysis by azide Ng (6). 

In DMSO/EtOH containing buffer (Himt, im), bei" has been found to react 
slightly faster than in aqueous solution, as expressed by kg=2.5-10-3 vs. 
0.6 : 10-3. As expected, the complexes FeLnCl,?-™ (L=DMSO; m<2) do not 
form FeHIP at measurable rates. However, NCS- catalyzes the reaction sufficiently 
to permit rate studies. Lower thiocyanato-complexes of Fe(III) are stable over 
periods of several months in DMSO/EtOH, unlike their behaviour in water as 
carefully studied by Darnton (62). Since, in solutions containing Fe(NCS)?*, the 
concentrations of Fe(II) are negligible compared to Fe(III), insertion via Fe(II) 
can be ruled out as a significant contribution to the rates observed. The data in 
Fig. 24 fit a rate law of the type (56), k3 ~0.3 M-2s71. 
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Table 12. Metalloporphyrin formation in the mixed solvent dimethylsulphoxide-ethanol 
(20/80% v/v). TMPyP 


Complex ko Ra Conditions Temp., °C 


Cuzt 0.05 Cu(Ts}a < 5 -10-4 M. Veronal buffer 10-3 M. 25 
CH3CN 1M 
Cu(NCS)* 10438 —  *ellCuL*] [L-7]. Veronal buffer 10-3 M. 25 
Cu(N3)t CH3CN I M. 
Feet 0.25 -10-2 : f ; 25 
` + — -30-2 
11-10-2 Imidazol buffer: Himt, im, CI 2.5 -1074 M 40 
Fe(NCS) 2+ 0.30 = ke[[Fe(NCS)2+] [NCS-]; Himt, im 2.5 to 40 
5 -10-3 M 
log ke 
-4 
© 
-5 6% 
-6 
tog [Feincs)?*][ncs] 
-6 -5 -4 -3 


Fig. 24. The insertion of Fe(III) into TMPyP in the mixed solvent DMSO/EtOH. Imidazole 
buffer; 40 °C 


5. Conclusions 


5.1. Mechanisms 


It became evident during the discussion in Sections 3 and 4 that the inner sphere 
A of complexes MA determines the rates of metalloporphyrin formation to a high 
degree. Moreover, the conceptual separation of outer-sphere association from spe- 
cific-site association is supported by the effects of solute components such as Is”, 
Hotir2-, Fe(tir)3", Feit? , which merely represent the most obvious cases with 
regard to association phenomena. It is justified to factorize a second-order rate 
constant according to 


ko = Kg -k (s, p, d) (57) 
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where Ke accounts for all equilibrium-type processes which proceed much faster 
than the real incorporation steps. It may be asked whether further factorization 
is possible of Eis, #, d), involving substitution (s) at MA by N(pyrrole), proton 
abstraction (p) from Hab, and deformation (d) of Hab Kinetic evidence has been 
presented which stresses the importance of out-of-plane deformation. 

In N-methylated porphyrins, the planarity of the porphyrin skeleton is lost 
and the basicity increases considerably (63). Rates of incorporation of Zn?+ and 
Cd2+ are higher by five orders of magnitude for N-methyletioporphyrin as com- 
pared to etioporphyrin (64)’). Dynamic distortions most likely involve smaller 
amplitudes than the static ones induced by N-methylation. If the relevant fre- 
quencies are larger than the exchange frequencies of the most labile ligands in 
MA (i.e. solvent molecules), the last two factors (s, $) obviously have to be con- 
sidered in the context of a concerted mechanism. 

In aqueous media, the exchange rates of water in MA of all complexes con- 
sidered in Section 3 are considerably higher than the rate coefficients kz. Hence, 
it is unlikely that further labilizing of H20 at MA will enhance rates beyond 
those of the parent hydrated ions. Moreover, complexes such as Cu(tir)2~, Fe(tir)-, 
and Fe(tir) > have an even lower tendency than Cu?" and Fe3+ to bind a nitrogen 
ligand of low basicity such as HP. Of course, HP- would be an extremely strong 
donor. It is important to realize that Cu(Htir)- and Fe(Htir) are well-identified 
species (56). Therefore it is reasonable to conclude that proton transfer from H2P 
to Dron in the complex induces ligand substitution by HP”. Clearly, the situation 
described involves a case of proton transfer from the conjugate acid of a strong 
base to a weak base where the rate is determined by H—N (pyrrole) bond breaking 
(65). 

The relative reactivities 


Cu(tir)2- > Cu(ac)e 
Ni(GG_H) (OH)- > Ni(GGH_) (58) 
Cu(dip)OH+ > Cu(dip)2+ 


are far more obvious than the catalytic effects of Na and NCS- demonstrated for 
Cu(II) and Fe(III). The weaker effect of NH3 as compared to N3 is an important 
result. Although NH3 is the stronger base, it can be protonated only when removed 
from the complex, opposite to OH- in Cu(OH)+. Monodentate azide in Cu(Ng)* 
certainly has rather low end-on basicity, but may assist in proton transfer. 
Apart from quantitative differences, it is a property all catalytically effective 
ligands have in common that they can be protonated in the complex with- 
out extensive predissociation. Hence, in a qualitative sense, ligand catalysis 
can be rationalized in terms of effects on Kg, and on proton transfer from HaP 
to A. An obvious case of effects on Kg is provided by the data on the insertion of 
Fe(II) from Feftir)- and Fein? into TMPyP (Table 9). Whereas the second- 
order rate constant ka, t.e. the product Ko kz according to Eqs. (11) and (12), 
is larger for Fe(tir) 3”, the first-order parameter kz is larger for Fe(tir)- (Table 13). 


?) Solvent dimethylformamide; metal chlorides; low ionic strength, 25 °C. 
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Table 13. The formation of Felll(TMPyP) from Fe(tir) pS -k2 =kz K. 
K: Stability constant of { Fe(tir)n -TMPyP} 


ko K kz, sec) 
Feftir)- 2.2 -10-2 3< K< 10 ~5 -10-3 
Pei?" 0.2 3 .10+3 ~7 -10-5 
Fe(tir)3- negl. 6 -10+5 negl. 


Certainly, steric effects due to the larger sıze of Fe(tir) 37 are involved in the 
lowering of kz. The order of magnitude kz ~5- 10-8 sec! referring to Fe(tir)- 
is an important result because the rate of dissociation. 


Fe(tir)- + Ht —— Fet + Htir3- (59) 


is estimated to be much smaller. 

Hence, dissociation of tiron occurs in a concerted fashion when the porphyrin 
is incorporated into the first coordination sphere. Obviously, if proton transfer 
from HeP has been established, the series of substitutions occurring at MA are 
rather fast steps dominated by kinetic chelate effects. 


5.2. Experimental Studies 


Not much attention has been paid in this review to activation parameters derived 
from the temperature dependence of second-order rate constants. From available 
data the crude rule emerges that, in the reaction of MA with a porphyrin, the 
Arrhenius parameter Ea is no more than some 4 to 6 kcal higher than for normal 
substitution reactions of the same MA. However, there is so far no system in 
which independent studies have been made of the association of the reactants, 
including their temperature dependence. Similarly, rates of deprotonation of 
porphyrins have not yet been determined for obvious reasons. Clearly, a better 
understanding of quantities would emerge if first-order rate constants of type kz 
could be derived from second-order coefficients g in a reliable way, and if acti- 
vation parameters of proton transfer from HaP to suitable bases could be com- 
pared with the same parameters obtained from kz. Turning to applications 
suggested by data reported in Section 3, it may be useful in certain cases to 
detect mononuclear hydroxocomplexes via enhanced rates of metalloporphyrin 
formation. 
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I. Introduction 


Ever since D20 became reasonably accessible in the early 1930’s, it was inevitable 
that there would be a demand for deuterium labelled compounds and accordingly 
hydrogen-deuterium exchange reactions would become commonplace. The interest 
in deuterium labelled compounds rests on their demonstrated use as powerful 
tools for elucidating the detailed mechanisms of many organic reactions. Two broad 
approaches are used in such studies. The fate of the deuterium atom is followed 
during the course of a reaction and often gives valuable clues as to mechanism. 
Thus the nature of the NIH shift (7) (named after the National Institutes of Health 
in Washington, D. C. where the discoverers were employed) involving either the 
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in vitro or the in vivo rearrangement of arene oxides to phenols was demonstrated 
by the following reaction (2): 


CH, CH; 


H D 
D O OH 


This rearrangement proceeded with 85 percent migration and retention of D 
and thus was unlikely to have involved a cyclohexanone intermediate. The second 
broad application of D-labelled compounds in mechanistic studies consists of 
experiments in which the rate of a reaction involving the breaking of a C—H bond 
is compared to the rate of the parallel reaction for the C—D compound. If a kinetic 
isotope effect is found, then the breaking of the C—H bond is more or less impli- 
cated in the rate-determining step of the reaction. 

Deuterium (and tritium) labelled compounds are not only useful for mechanistic 
studies but valuable information concerning both ground state and excited state 
properties of molecules has been obtained by the use of compounds containing 
isotopes of hydrogen. 

In this review paper we will be primarily concerned with the exchange between 
hydrogen and deuterium in aromatic compounds. Completely deuterated aromatics 
are available commercially. These are usually prepared by repeated treatment of 
the aromatic compound with Da at about 350° in an autoclave in the presence 
of a platinum catalyst (PtOz reduced with Dall. Such heterogeneous exchange 
reactions are not included in this review. 

Because aromatic compounds are subject to electrophilic attack, D+ provides 
a ready entry of deuterium into the aromatic molecule. The reaction of various 
anhydrides with D20 is one of the most common methods for providing ?H protic 
acids. The acidity of protic acids can be enhanced by “co-catalysts”, which are 
usually Lewis acids. Hence electrophilic substitutions by protic acids and Lewis 
acids are of primary interest in hydrogen isotope exchange. 

Exchange reactions of aromatic compounds catalyzed by base are also well- 
documented. The generation of benzyne intermediates by loss of HX (or DX) 
from haloaromatics in the presence of a strong base such as NH2 (or ND;) is respon- 
sible for H—D exchange. Complexation of aromatics to zero-valent transition metals 
to give complexes such as 2-CgH¢Cr(CO)3 enhances the acidity of the protons of 
the complexed aromatic and permits base-catalyzed exchange. 

The addition of molecular hydrogen to unsaturated compounds catalyzed 
by Group VIII metals was first investigated at the beginning of this century by 
Sabatier and Senderens (3) who conducted vapor-phase hydrogenations over a 
nickel catalyst. Despite the fact that the reaction has been known for three- 
quarters of a century and despite the armamentarium of very sophisticated 
instrumentation for studying reactions on surfaces, the mechanism of hetero- 
geneous hydrogenation is still not completely understood. 


1) Private communication from E. Stohler and A. Bader. 
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During the last twenty years, the development of organometal chemistry and 
the discovery of many soluble transition metal catalysts which promote the hydro- 
genation of organic compounds (4) have aided our understanding of the function 
of the catalyst. The formation of hydridometal intermediates in which the central 
metal atom of a complex is inserted into an aromatic C—H bond has been clearly 
demonstrated and provides a route to exchange of ortho hydrogens in aromatic 
phosphines. The exchange of D for H in aromatics catalyzed by Pt(II) salts in 
CH3CO2D proceeds by a similar insertion of the Pt into a C—H bond. 

This review is not an exhaustive or complete literature survey of all exchange 
reactions; rather it is an attempt to indicate the variety and scope of reactions 
which have been used for this purpose. Discussions of mechanism are included 
in the hope that such discussions will reveal common pathways for breaking and 
making C—H bonds in seemingly unrelated reactions. Practically all the discussion 
which follows is concerned with IH and 2H isotopes although, except for the 
magnitude of rates and the special techniques for handling, the principles employed 
for exchange apply equally well to 3H (tritium). 


Il. Acid-Catalyzed Exchange 


A. Introduction 


Electrophilic substitution is the classical reaction which is always cited as charac- 
terizing aromatic compounds as distinguished from olefinic compounds. Among 
the many electrophilic substitution reactions, the Friedel-Crafts synthesis has 
played a central role in both practical and theoretical organic chemistry. The 
substitution of one hydrogen isotope by another, e.g., the substitution of D+ for 
H*, is a specific case of conventional aromatic substitution. 

A variety of acidic systems has been used to catalyze isotopic hydrogen ex- 
change in aromatic hydrocarbons. A list of such systems appears elsewhere (5); 
it includes inorganic acids, organic acids, and mixtures of the two with or without 
the addition of Lewis acids such as metal halides or salts which are frequently 
used as Friedel-Crafts catalysts. 


B. The Mechanism of Electrophilic Substitution 


Characteristically, electrophilic substitution, which was once thought to proceed 
by a rather simple mechanism, turns out to be quite a complex reaction. A key 
development in understanding mechanistic pathways has been the studies involv- 
ing kinetic isotope effects. Much of this work indicated a two-step reaction process 
with the implied formation of an intermediate; but the use of isotopes has also 
added additional complexities to the interpretation of electrophilic substitution. 
In addition to the kinetic isotope effect, studies on the formation, stability, struc- 
ture, and reactions of sigma and pi complexes have also shed light on the role of 
intermediates in the substitution process. 

1. The Kinetic Isotope Effect. The substitution of a heavier isotope for a 
lighter one results in a lowering of the zero-point energy of the bond to which the 
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heavier isotope is attached. Replacement of hydrogen by deuterium in the C—H 
bond of an organic molecule strengthens the bond by about 1.2 kcal/mole at room 
temperature; accordingly more energy is required to break the C—D bond than is 
required to break the corresponding C—H bond. This greater energy requirement 
results in a decreased reaction rate for the deuterated compound when the break- 
ing of the C—D bond is wholly or partially rate-determining. This rate depression 
is known as the kinetic isotope effect. 

Consider a generalized electrophilic substitution reaction in which E+ is any 
electrophile: 


ki k 
N 2 
ArH + E+ e ArHEt —> AE + Ht (1) 


—1 


The potential energy-reaction coordinate diagram for this reaction when 
ko < k_1 is shown in Fig. 1. The greater energy required to break the C—D bond 
in the second transition state slows the rate of substitution on the deuterated 
compound because of the higher energy of activation. However, if the step leading 
to the first transition state were rate-determining, then no primary kinetic isotope 
effect would be observed. In this case kg > E: Nitration reactions are the only 
class of reactions which clearly fall in this later category. Kinetic isotope effects 
have been observed for all other types of electrophilic aromatic substitutions. 
However the magnitude of these efiects has not always been indicative of a prima- 
ry kinetic isotope effect. 


Energy 





Reaction coordinate 


Fig. 1. Potential energy profile showing the primary kinetic isotope effect in a two-step reaction. 
The dashed curve indicates the potential energy profile for the deuteriobenzene 


If all the zero-point energy is lost in the stretching of the C—H bond in the 
transition state, then the calculated primary isotope effect should be around 7 at 
room temperature (6). This means the isotope rate ratio, ky/Rp, where ke is the 
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rate constant for substitution of protium and Åp is the rate constant for sub- 
stitution of deuterium, should be about 7. Several factors may contribute to the 
lowering of this isotope rate ratio. A reaction in which k_ı ~ ka will give a 
smaller isotope effect because the second step is not completely rate-determining. 
The observed isotope effect will depend upon the relative values of ka and E: 
[cf. Eq. (1)]. These rate constants control the partitioning of the intermediate 
between product and starting material. 

The overall observed rate constant of the two-step reaction will have the 
general form of Eq. (2) (7): 








k 
BE u 
Robsd- = : 2 = = (2) 
k-1 + ka 14 ka 
KÉ) 


For the case shown in Fig. 1, kı for CeHe -E+ equals ky for CH; D+E* 
and the values for kx for both reactions are also equal. In this situation kopsa 
will depend almost exclusively on ke and kinetic isotope effects will be observed. 
When k_; & k2, kopsa ~ kı and no isotope effect occurs. However, for many reac- 
tions, and particularly for hydrogen exchange reactions, the values of k-ı and ke 
approach each other and the above simplification of Eq. (2) cannot be made. In 
such situations isotope effects smaller than 7 may be observed. 

Residual zero-point energy in the transition state will also decrease the observ- 
ed isotope effect. This is believed to occur when the conjugate base, to which the 
hydrogen transfers, participates in the transition state of a rate-determining second 
step, ka (8). 

An observed small isotope effect may also arise from a secondary isotope effect. 
Such effects occur when the isotope is attached to, or near, an atom which is 
participating in bond breaking. These secondary isotope effects result from changes 
in the vibrational force constants of the isotopic atom as the reaction proceeds 
to the transition state and may account for ky/Rp values as large as 1.74 (9). 
Thus only ky/kp values above 2.0 may be safely attributed to a primary isotope 
effect for a single deuterium substitution. The contribution which each of these 
effects makes to an overall small isotope effect can be evaluated by sophisticated 
kinetic techniques (7, 70). 

Consider now an exchange reaction, e.g., the substitution of D for H in the 
para position of toluene. In such a case the hydrogen isotope becomes the sub- 
stituting electrophile in Eq. (1) and the second step is easily reversible. 


ky ko 
TN Se A 
ArH + Dt Ee ArHDt Er ArD + Ht (3) 


The energy-reaction coordinate diagram for such reactions is shown in Fig. 2. 
For the exchange reaction, the ky/kp values cannot be interpreted as simply 
as before. In Fig. 1, the energy of the first transition state is essentially independ- 
ent of whether the protio aromatic or the deuterio aromatic is reacting with Et; 
neither kı nor k_; is affected by substitution of D for H. Accordingly, any decrease 
in observed rates for the deuterated compound must come from an increased 
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Energy 





Reaction coordinate 


Fig. 2. Potential energy profile: (I) for H—D exchange; (II) for D—H exchange 


energy of activation for the second step, ka. For the exchange reactions shown in 
Fig. 2, the electrophile is different for reaction I (deuteriodeprotonation) and reac- 
tion II (protiodedeuteration) but both proceed through a common intermediate. 
Hence kı as well as k-ı, are not the same for the two reactions, and kinetic isotope 
effects cannot be effectively isolated on one particular transition state. As Fig. 2 
implies, any difference in observed rates is probably due to the decreased zero- 
point energy of the deuterium substituted toluene (77), t.e., an increased activation 
energy for dedeuteration, kp. 

Kinetic isotope effects in the exchange reaction can, however, be evaluated 
by the use of a tritium label. Thus the ratio of the rates for protiodedeuteration 
(H+-+CsgHs5D), kp, and protiodetritiation (H++CeHsT), kr, may be deter- 
mined and these #n/%m values may be related to ky/Rp values by known equa- 
tions (72, 73). In 81 percent H2SQOz, the kp/kr value is 1.5 for a single position of 
benzene, and 1.5, 1.7, and 1.9 for the meta, oitho, and para positions of toluene 
respectively (74). 

In hydrogen exchange reactions, the isotope effect apparently increases for 
substitution at the more reactive positions, whereas in most other electrophilic 
substitution reactions the isotope effect decreases. This reversal has been ascribed 
to the importance of a methylene rocking vibration in the transition state of 
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the exchange reaction (75); methylene groups cannot be formed in other electro- 
philic substitutions. 

2. Sigma and Pi Complexes. The cationic species with a delocalized positive 
charge is assumed to be an intermediate in electrophilic substitutions, Fig. 1. 
Experimental verification of such a species was first claimed (76) on the basis of 
a red shift in the electronic absorption spectrum of anthracene, 7, when it was 
dissolved in sulfuric acid: 


H. H 
(4) 
H 
1, Ci4Hi0 2, [CHa] 


Since the postulation of the anthracenium ion, 2, several intermediates of 
similar structure, e.g., 3 and 4, have actually been isolated at low temperatures 


(17): 
"or" © 


CH, BF CH, BEZ 


3 4 


Upon warming, the intermediate 3 yields about 40 percent mesitylene and 60 
percent mesitylene-dı by loss of a deuteron and proton, respectively. This result is 
consistent with an increased energy barrier for C—D bond cleavage in accord- 
ance with Fig. 2. 

Species such as 2, 3, and 4 are called sigma complexes because the entering 
proton (or electrophile} is bonded to a specific carbon atom of the aromatic ring 
by a sigma bond. Such compounds are colored, are conducting at their melting 
points, and are only slighly soluble in organic solvents. 

In contrast to the behavior of aromatics with H504 and HBF 4, when HU le 
is dissolved in an aromatic compound the solution is colorless and non-conducting. 
Solubility measurements indicate that a 1:1 complex is formed which, with ben- 


zene, may be written as J: 
Ge HO 


3 


If DCI rather than HCI is employed, no exchange with aromatic hydrogens is 
observed. Complexes such as 5 are called charge transfer, or x, complexes. The 
H atom originally belonging to HCl is not associated specifically with any partic- 
ular carbon atom but can be visualized as being held in the x cloud of the aromatic 
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system and only partially separated from Cl. In such complexes, the HCl bond is 
more highly polarized than in the free state; some charge has been transferred. 

The z complexes were first ascribed kinetic importance in exchange reactions 
after it was observed (78) that the logarithm of the dedeuteration rate for several 
aromatic compounds was linearly dependent on the acid strength of the protic 
acid (measured by the Hammett acidity function, Ho, which will be discussed 
later). This was interpreted as requiring the separation of A- from the aromatic 
system before the slow step, Ra: 


+ + 


H H ; H H 
H. H 
HA i: ky H k, © kzı H Kir WA 
= —— ~ Eed u + H 
KE K_» KE A Ki 


More recent experiments have given results other than the linear dependence 
of rate on Ho. Although the interpretation of these experiments is in dispute, 
there seems to be general agreement that the extent of proton transfer in the 
transition state and the residual interaction of the proton with A- is responsible 
for the results (7). 

More information on the relative importance of complexes is provided by a 
comparison of the rate constants for substitution with the stability constants of 
the sigma and pi complexes (79). 

Relative o complex stabilities have been determined by measuring the distribu- 
tion of methylbenzenes between the immiscible phases of a HF and heptane mixture 
(20). The solubility of the aromatic in the HF depends upon the extent of reaction 


(6): 


ArH + HF — AH; + F- (6) 


Relative x complex stabilities have been obtained by measuring the equilib- 
rium (or argentation) constant of reaction (7): 


Agt + ArH = AgArH*+ (7) 


The methylbenzenes are shaken for 12 hrs in equimolar CHg0H: H20 which is 
0.5 M in Agt (27). These x stabilities are in substantial agreement with those 
obtained (22) by measuring the equilibrium of reaction (8): 


HCI + QO z= ©- H-Cl 
(8) 
5 


The difference between sigma and pi complex stabilities of various methylbenzenes, 
Table 1, is dramatic. The positive inductive effect of the methyl groups helps 
stabilize the positive charge developed in the o complex, and accounts for the var- 


174 


Hydrogen-Deuterium Exchange in Aromatic Compounds 


‘ambag 


"ambry 


q jo uonsodq 


‘VOH U (o 


"(ZS6T) ent ‘€¢ ‘00g Aepereg speit HI ‘spom sap wa“ [ ‘gq ‘nus "TI ‘soyovpy ‘HEODADO—ŽOSIH Ur (q 
Zoe d (L£) ‘yoy wo yred ur uoyeL (e 


(,01 X SIE 


csOI X GZ 
eOr x SzI 

z0I x S'E 

z0I X 8EZ 

(KS 

OI 

NEY 
(quoe rnm poq 


Lé 


61 
ZI 
9I 
OI 
OI 


Luet Zo 
vorge N 


OS 
SE 
Er 
SE: 
O'I 


EII9A 
snjd tig 


sol X ont 
901 X LOT 
90I X Ge 
sol X PI'S 
sol X EG 
golL X Sg 
z01 x S09 
OI 

VOH 


(Geng ur Fig 


Oé 
VG 
GG 
0% 
ST 
9I 


S'I 
o'I 


Aypiqeys 
xəjdwo x 


sol X En 
901 X 0% 
901 X 0% 
901 X QF 
e01 X GL 
e0ol x TE 


201 X ot 


OT 


Ayyiqeys 
xojdu1oa ọ 


Aypunı]L-g'g‘1I 
Lauter 
JAYIOUNIT,-F'S'T 
Kypung-g'T 
tAygppunq-Z[ 
MAypund-FI 


KyPpW-I 
1AypW-I 
TAypMW-I 


pompysqnsun 


əuəzuəg 


(guOINNFIISqNS JO SIJEI JATTEISI YFM SorlpIqe}s xo[duioo L pue oaAtgtbat Jo vostedwon "aert 


175 


M. Orchin and D. M. Bollinger 


iation in the stabilities of the o complexes. If the transition state resembles 
the o complex, then a large increase in reaction rate should be observed upon 
introduction of methyl groups. This is the case for the reactions shown in columns 
4 and 7 of Table 1. The x basicity of the benzene ring increases relatively little 
when methyl groups are added; thus, if the transition state resembles the x com- 
plex, little change in reaction rate should be observed. This is the case for the 
reactions shown in columns 5 and 6 of Table 1. According to this analysis it can be 
anticipated that dedeuteration of singly deuterated methylbenzenes by dilute 
H2SOq in CFsCOOH (Table 1, Column 7) should involve a transition state that is 
stabilized by inductive electronic effects and is similar to a o complex. 

The rate constants for substitution of toluene compared to those of benzene, 
ki/kp, have also been used to observe such changes in the nature of the rate- 
determining transition state. By varying substituent X in X—CgH4,CH2Cl and 
using a TiCl4 catalyzed benzylation, values for kt/kp from 2.5—97.0, were ob- 
served (23). These boundary values compare moderately well with values for the 
relative stability of z and of ø complexes of benzene and toluene shown in Table 1. 
They indicate a change in the character of the highest energy transition state from 
one resembling the ø complex (large kt/kp values) to one resembling the x complex 
or starting aromatics (low kı/k» values). This shift would seem to be the result of 
increased electrophilicity of the electrophile or increased reactivity of the aromatic, 
either of which lowers the energy of the transition state (and intermediates) 
relative to the reactants. The evidence from kinetic isotope effects; the correspond- 
ence between sigma-—pi stabilities and relative reaction rates; and the toluene- 
benzene rate ratios, all point to a two-step reaction mechanism and the inter- 
mediacy of both sigma and pi complexes. Formation of the o complex is required 
for hydrogen exchange to occur. When the rate-determining transition state is 
more similar to the ø complex, the formation of the a complex is viewed as a 
pre-reaction equilibrium. When the transition state is more similar to the ~x 
complex, then the o complex is formed essentially irreversibly and goes over to 
product. 

The mechanism of electrophilic substitution still remains clouded and caution 
must be exercised in extrapolation from one series of reactions to another. There 
is some recent evidence which even shows that the electrophile may, in some cases, 
attack the substituent rather than the ring. 


C. Exchange Catalyzed by Protic Acids 


In hydrogen exchange catalyzed by protic acids, in the absence of metal halides, 
formation of a o complex-like transition state is generally believed to be the rate- 
determining step. Attempts have been made to correlate the differing rates of 
hydrogen exchange at various positions in polycyclic aromatic hydrocarbons with 
parameters based on quantum mechanical calculations (24—27). The most success- 
correlations have focused on cation localization energy, t.e., the amount of z- 
bonding energy required to isolate two electrons from the delocalized x system 
and locate them around one specific atom. The reaction rates for protiodetritiation 
(loss of 3H) in CF3CO3gH were measured for 21 positions in nine polycyclic aromatic 
hydrocarbons (28). Comparison of these rates with calculated values for cation 
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localization energy by CNDO/2 methods yielded a correlation coefficient of 0.979 
(27). The correlation is thought to be due to the similarity between the theoretical 
species 6, for which the calculations were made, and the transition state leading 


to the ø complex 7. 
© 8 


This relationship between structure and reaction rate permits, with some 
exceptions (27), the prediction of relative positional exchange rates on previously 
untested compounds. 

Daa is frequently used to replace a hydrogen by a deuterium atom in the 
most reactive position(s) of a polycyclic compound. Thus treatment of the car- 
cinogen, benzo[a]pyrene, 8, with concentrated DSO; for 2 minutes at 5—10°, 
followed by quenching in D20 and isolation of the product, showed that only 
the 6-position, in accordance with calculations (26), had been deuteriodeprotonated: 


The position of substitution was demonstrated (29) by high resolution NMR. 
When the Gd compound was treated with HSO; under the above conditions, 
protiodedeuteration occurred. The use of strong HS0, as the protic acid suffers 
from the possibility of aromatic sulfonation. High positional selectivity depends on 
very careful control of reaction conditions. Thus at room temperature, or on longer 
treatment with DeSQq, other positions besides the 6-position of benzo[a]pyrene 
become deuterated. In addition, some polycyclic hydrocarbons have limited 
solubility in Hab: Trifluoracetic acid is preferred by some investigators for 
incorporation of deuterium because of its high acidity and generally superior 
solvent properties (25, 28). The acid-catalyzed hydrogen exchange reaction is the 
reaction of choice for measuring the reactivities of the different positions of a 
polynuclear hydrocarbon because of the absence of steric effects in both the 
attacking electrophile and the leaving group. 


D. Exchange Catalyzed by Lewis Acids 


Addition of a Lewis acid to the reaction mixture can significantly increase the rate 
of the hydrogen exchange process. 3HC1 will not exchange with the aromatic 
hydrogens of toluene at temperatures up to 140°; upon addition of SnCl, the 
reaction proceeds at room temperature (30). Lewis metal halides have been used to 
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catalyze hydrogen exchange reactions in both inorganic and organic acid systems. 

The reason for the increased activity of protic acid-Lewis acid systems is 
ascribed to the enhancement of the protic acid acidity by the Lewis acid, (Table 2) 
(37). Whereas 100% HF has a Ho value of —10.2, the acid system of HF +7% 
Bb: has an Ho value of —16.8, six orders of magnitude greater. The Hammett 
acidity function, Ho, is evaluated by the use of indicators, B, which are very weak 
bases and for which the acid ionization constants, Ka, of the conjugate acids, 
BH", have been determined {usually spectrophotometrically), Eq. (9): 


BH+ —— B+ Ht (9) 


Table 2. Hg values for HF, HəSO4, and some 
HF-Lewis acid mixtures 


Acid Ho 

100% HF — 10.2 
100% HaSO4 — 10.6 
HF + 0.36M NbF; (6.7% weight) —- 13.5 
HF + 3M SbF; (60%, weight) — 15.2 
HF + 1M BF3 (7% weight) — 16.8 


Ho is defined by Eq. (10): 


(10) 


BHt 


+ 
where S| is the experimentally observed ratio of the concentration of the indica- 


tor in its two forms. By establishing a series of sequentially weaker bases it is 
possible to measure the proton-donating ability of very strong acidic media by this 
technique. The Ho scale as defined above is consistent with the pH scale, in that 
the stronger the acid, the smaller its Họ value. 

It has been traditional to refer to water or hydrogen halides as co-catalysts 
to the Friedel-Crafts catalyst. The function of the Lewis acid is to react with the 
HX and thereby enhance the acidity of the protic acid. For this reason, the Lewis 
acid can be viewed as a co-acid. Studies with rigorously purified materials have 
shown that in the absence of water or a hydrogen halide, Lewis acids do not 
catalyze hydrogen exchange (32) and that a conducting species (the ø complex) 
is not formed; only weak x interaction can be observed (33). Addition of AlBr3 
to a solution of mesitylene in liquid Där results in a 104 increase in specific 
conductivity and initiates hydrogen exchange. In the absence of the aromatic 
hydrocarbon, AlBrg in liquid HBr is a very poor conductor (32). There is some 
evidence that the proton-donating species, which is present in the mixtures of 
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protic acids with Lewis acids used for hydrogen transfer to the aromatic, is formed 
by the general reaction (11): 


2HX + MX, SE Hat + MXnit (11) 


This equilibrium has been observed in conductivity studies for reaction(12): 


2HF +SbF; —— Hart + SbF; (12) 


Three separate investigators have determined that the molar ratio of 2:1 ın 
the complex acid system CHCOOH :SnCla is the most active ratio for catalyzing 
hydrogen exchange in aromatic hydrocarbons (34). BF3 has also been observed 
to form a 1:2 molar complex with acetic acid (35). 

Using a variety of metal bromides as Lewis catalysts, rate constants have been 
determined for the hydrogen exchange of benzene (32) in DBr. The activity order 
is AlBr3 > GaBra3 > FeBrs > BBr3 >SbBrg >TiBr, with a reaction rate range 
of 105 from the fastest to the slowest. This activity order parallels the previously 
determined acidity of the corresponding metal chlorides (36), and indicates the 
importance of acidity in the catalytic role of Lewis acids. The rates of H—D ex- 
change for benzoic acid and nitrobenzene catalyzed by AlBrg were found to be 
10-4 and 10-6, respectively, of the rate with benzene (32). Such results are con- 
sistent with the known effect of electron-withdrawing substituents and suggest 
that the transition states for the reaction have o complex character. 

Hydrogen exchange of aromatics, including exchange of all aromatic hydrogen 
positions in larger polycyclic aromatics, can be achieved by cross-exchange with 
benzene-dg in the presence of a Lewis acid (37, 38). Virtually complete equili- 
bration between all aromatic and all acidic hydrogens in the system is observed 
at room temperature for one and two-ring aromatics. No exchange in alkyl side 
chains is observed. Most likely, the Lewis acid reacts with the trace quantities of 
water in the benzene-dg to form hydrogen halide. In the case of AlBrg3 the reaction 
proceeds according to Eq. (13): 


AIBrs + nH20 = „HBr + AlBr3-n(OH)n 13 
E 


The liberated HBr reacts with AlBrg (probably as the dimer) in the presence of 
benzene to form the sigma complex, Eq. (14): 


HBr + AlBr3z + CeDg —— CoeDeHt AIBrZ (14) 


Reversal of reaction (14) yields DBr in solution which cycles through the same 
reaction with the substrate aromatic compound to yield the deuterated product. 
In a typical experiment, conducted in the authors’ laboratory, reaction of 0.050 g 
of pyrene with 1 ml benzene-dg and 0.040 g AlBrg in a sealed tube for 5 days 
at 90° gave pyrene in which 92 percent of all hydrogens had been exchanged for 
deuterium (mass spectrometry). A second treatment yields about 99 percent 
exchange of all hydrogens. 
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Ethylaluminium dichloride is an equally effective catalyst in cross-exchanging 
deuterium from donor CgD¢; however, at the higher temperatures required to 
achieve exchange in larger polycyclics, some ethylation of the aromatic was 
observed (work performed in the author’s laboratory). 


II. Base-Catalyzed Hydrogen Exchange 


A. Benzyne Intermediates 


The early chemistry dealing with the reaction of aromatic halides with strong 
bases is replete with examples of rearrangement ; t.e., the entering group frequently 
does not take up the position of the displaced halogen. Thus, for example, treat- 
ment of o-chloroanisole 9 with NaNHg in liquid NH3 (—33°) at atmospheric 
pressure gives the m-anisole 70, exclusively (15): 


OCH, OCH, 

Cl N 

+ NaNH, 33° ( 15) 
NH, 


9 10 


It is known now that this and similar reactions proceed by a two-step 
mechanism involving first; the removal of a proton by the base, followed by 
amination of the benzyne intermediate, 77, (16): 


OCH; OCH, OCH; 


Se E ee a Os SÉ 


That this was indeed the mechanism was shown conclusively by treating chloro- 
benzene, labelled with 14C at the position of substitution, 72, with KNHg in 
liquid NH3. The product was 50 percent aniline labelled at the amino group, 73, 
and 50 percent aniline labelled at the position ortho to the amino group, 74, (17): 


Se “Oo I | 
SEN NH, (17) 


It is apparent that if the strong base attacks the aromatic compound in an acid- 
base equilibrium reaction which is fast, compared to subsequent reactions, the 
halobenzene will undergo hydrogen exchange. Thus fluorobenzene-2,6-da, 75, 
exchanges with hydrogens when treated with KNH; in liquid NH3: 


(16) 
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F F 
(H)D D(H) ~ NH, NH, D © +NH3 slow D A F- 
H H fast H g (NHD) H H 
H H H 
15 


(18) 


When CDe is treated with NH3 in NH3 it is possible to exchange all D 
with H. 

Some interesting work has been done on the effect of substituents on the rate 
of deuterium-hydrogen exchange in simple benzene derivatives. Thus it has been 
shown (39) that increasing the number of methyl groups on deuteriobenzene lowers 
the rate at which the deuterium exchanges with H in the presence of 0.2N KNH» 
in liquid NH3 at 25°. This is expected since the methyl group is an electron-donating 
group and hence reduces the acidity of the D atoms on the ring, making them 
more difficult to remove D by NH. In contrast, methyl groups enhance electro- 
philic exchange. It has been estimated that the exchange of D by H in CeD{CH3); 
would occur 1012 faster with HBr than with KNH» in liquid NH3 (39). 


B. Arenechromium Tricarbonyls 


Although a-benzenechromium tricarbonyl, z-CeHeCr(CO)3, is one of the best 
characterized arenechromium tricarbonyls, other arenes also form complexes with 
Cr(CO) 3. Accordingly, although isotopicexchange apparently has been investigated 
only with z-benzenechromium tricarbonyl, and its simple derivatives in principle 
the method may be generally applicable to polycyclics. 

The hydrogen atoms of z-CgH¢Cr(CO)3, 76, undergo very slow exchange at 
100° in a 10% solution of NaOEt in CaH5OD (40): 


EtOD, EtONa 


n-CgHeCr(CO)g == 7-CgDeCr(CO)g 


(19) 
16 


The effect of substituents on the benzene ring on the rate of isotopic exchange 
is rather negligible (47). 

In the complex {Cr(CO)3CgHsCO2H] the Cr(CO)3 fragment acts as an electron- 
withdrawing substituent, about equal in this respect to a para nitro group. The 
pKa of the complexed benzoic acid is about equal to that of S-nitrobenzoic acid 
(42). Consistent with the suggested electron-withdrawing effect of Cr(CO)3 
complexed to an aromatic, it was found that a complexed halobenzene undergoes 
nucleophilic substitution with methoxide faster than dole free halobenzene (43). 

As might be expected from the results of base-catalyzed exchange of 
2-CgHs5Cr(CO)s, certain cyclopentadienyl complexes also undergo exchange. All the 
hydrogens of the cyclopentadiene ring of a-CsH5Mn(CO)3 and a-CsH5Re(CO)s 
exchange with deuterium on treatment with C2HsOD in the presence of C2H 50Na. 
Again the reaction is slow and must be carried out in a closed vessel at 100° (44). 
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C. Benzylic Chromium Tricarbonyls 


The benzylic protons of z-alkylarene Cr(CO)3 complexes can be completely ex- 
changed by treating the complexes with (CH3)3COK in dimethylsulfoxide-d¢ 
(45). The benzylic protons in uncomplexed alkylbenzenes are known to be acidic; 
consistent with the electron-withdrawing effect mentioned above, complexation 
with Cr(CO)3 enhances this acidity. The reaction sequence probably consists of 
the following steps (20): 


Cr(CO)s Cr(CO)3 


ArCHaR + (CH3)gCO- c= ArCHR + (CH3)3COH 


Cr(CO)3 Cr(CO)3 (20) 


| | 


ArCHR + CD3SOCD3; >>> ArCHDR + CDaSOCD3 


(CH3)gCOH + GDeSOCD3 == (CH3)3CO- + CDgHSOCD3 


The similar exchange reaction with z-indanechromium tricarbonyl, 77, led to 
the exchange of only the two anti hydrogen atoms. 78, indicating the great stereo- 
selectivity of this reaction: 





dé 
0,5M (CH,),COK 
DMSO - de (21) 
(CO),Cr HH (CO);Cr HD 
17 18 


The selectivity was ascribed to the proximity to the chromium atom of the 
back lobes of the benzylic sp3 carbon orbitals used in the antt C—H bonds. 

The base-catalyzed exchange of benzylic hydrogens is analogous to the 
similar exchange in diindaniron which had been described earlier (46). 


IV. Exchange of Ortho Hydrogens in Aromatic Phosphine Ligands 
of Metal Complexes 


The development of the new field of organometal chemistry during the last two 
decades has led to the discovery of many unusual organometal complexes which 
are soluble in organic solvents. The ability of some of these complexes to react 
with molecular oxygen or with molecular nitrogen under very mild conditions has 
been of particular interest because the complexation of these simple but ubi- 
quitous molecules to transition metals constitutes the first step in two of the most 
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fundamental reactions which characterize life on this planet, namely, the oxy- 
genation of blood and the fixation of nitrogen. The complexation of another simple 
molecule, molecular hydrogen, to soluble transition metal complexes mimics the 
first step in another fundamental reaction of considerable interest to the chemist — 
the heterogeneous catalyzed hydrogenation of unsaturated compounds. Tran- 
sition metal complexes which have aromatic phosphines coordinated to them are 
of particular interest in this connection. Some of these complexes are capable of 
complexing and activating (splitting) molecular hydrogen and accordingly provide 
an unusual example of isotopic exchange. 

The essential series of reactions leading to hydrogen-deuterium exchange in 
aromatic phosphines can be illustrated with the chlorohydrido-é7s-triphenyl- 
phosphineruthenium(II) complex, 79: 











H H 
Ph3P BM | H. H m, 
éier —— PhP Rua zess PhP RuG —— 
PhP 
SE PPh; Ph,—P 
19 20 21 
22) 
Cl D D D PPh PPh i ( 
Ph 3 P-R un Ph 3 P—Ru— Ci s `R u—Cl 
| | Phi3P | 
Ph,P Ph,P Ph, we 
D 
22 21-d, 19-d, 


The first step in the sequence involves the dissociative loss of a neutral ligand 
from 79 to form 20 with no change in formal oxidation number of the metal. The 
second, and especially characteristic stage, involves the isomerization of 20 to 27. 
This reaction may be regarded as an oxidative addition of phenyl and H to the 
metal with a formal increase in oxidation number from +2 to +4; it may also 
be viewed as metal insertion into a C—H sigma bond. Such an isomerization is 
analogous to an earlier established example (47) of this type of reaction: 


> er 


Od = 
a 


we 


MN 
PP = (CH3)gPCH2CH2P(CHs)2 
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The conversion of 27 to 22 with loss of Ha may be viewed as a reductive eli- 
mination and the equilibrium between 27 and 22 provides the reaction which leads 
to Hz—Dz exchange. The reductive elimination reaction 27-da > 19-də results in 
the incorporation of one ortho D atom. Because 79 has 18 such ortho protons in 
addition to the Ru—H proton, it is possible to exchange 19 H atoms in 79 with 
D atoms in the presence of a large excess of Dz and indeed [(CeH5-2,6-de)3P]3 
RuDCl has been isolated (48). 

{RuHCl(PPhg)3], 79, is an excellent hydrogenation catalyst for terminal 
olefins because, among other reasons, it readily loses a ligand PPhg in solution, 
thus opening a site for the olefin. The exchange of the ortho hydrogens with D is 
rapid even at room temperature and it is known that the coordinated phosphines 
are in rapid equilibrium with free ligand in solution. Indeed if the exchange with 
D; is carried out in the presence of free (CgeHs)3P, (CeHs5-2,6-de)3P can be isolated 
(48). Exchanges similar to that shown above for 79 also occur with the dinitrogen 
complexes [CoH(N2)(PPhg3)3] and [RuH2(Ne2)(PPhsg)3] as well as with some other 
similar complexes. 

It is interesting that the complex [IrCl(PPhg)3], 23, although it readily and 
irreversibly forms a dihydride adduct with Ha, is not a good hydrogenation cata- 
lyst like [RhCl(PPhg)3] or [RuHCl(PPhs)3|, presumably because the Ir complex 
does not readily lose a ligand in solution. However, on heating 23 in benzene solu- 
tion it isomerizes with oxidative addition to the hydridochloro species: 


Cl 
j A Ch Hl 
Ph 3 an P hs =o (Ph 3 P) ER 
PPh; the AECH (24) 
23 


This is not a particularly good system for obtaining H--D exchange of all the 
ortho hydrogens on the phosphines (49). 

In the reductive elimination steps we have discussed above, e.g., 27 > 22, 
either He, HD, or Dg is eliminated. If in addition to a hydrogen atom, there is an 
alkyl group attached to the metal by a sigma bond, it is possible to lose RH. Thus 
it has been shown (50) that [Rh(CH3)(PPha)3|, 24 readily loses CH4. The loss of 
methane probably proceeds as follows: 


CH, H 
24 ——> (PhP) Rh —> (PhjP),-Rh +CH, 
Ph,—P Ph,—P (25) 
25 26 


The reductive elimination step also probably occurs during the final step in 
catalytic hydrogenations with active organometal catalyst. Thus the hydro- 
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genation of ethylene with 79 may be written as occurring through the following 
sequence: 


Hat = CHa PhP CoHs5 
-PPh3 | Sal Ho 
19 + C2H4 ——> Ph3P—Ru—H —— Ru —> 
2 
PhP Cl PhP Cl (26) 
PhP CH; H 
PPhs 
Ru EE E Calis 
ZEN 
PhP Cl H 


The stoichiometric hydrogenation of olefins with a catalyst such as 
[NiBrə(PPh3)2| (57), in the absence of added hydrogen can be rationalized by 
utilization of the ortho hydrogens as the hydrogen source (52). This would be 
followed by reductive elimination of alkane, analogous to the conversion of 25 > 
26, illustrated above. Additional evidence for ligand-metal hydrogen exchange 
comes from studies (53) of H—D exchange in CD, catalyzed by CoH[P(OC6H5)3]4. 
The quantity of hydrogen-containing ethylenes was higher than the theoretical 
value calculated for exchange of only the Co—H. In addition some ethane was 
formed. Both observations can be reconciled with utilization of ortho hydrogens 
of triphenyl phosphite: 


C,H; 
HI 
CoSHSIPLOCH al, op S? on: (27) 


(C,H;0), P—O 


The transfer of ortho hydrogen from phenylphosphine to the coordinated metal 
atom (ligand-metal hydrogen transfer) involves a 4-membered ring intermediate, 
e.g.,22 or 26. Coordinated triphenylphosphites also readily undergo ortho hydrogen 
exchange and here a 5-membered ring is involved. Thus there is a facile equilibrium 
between 27 and 28. 


CI 
[RUHCKP(OPh);)4] === H. + (PhO) ,P] -Ru 
(PhO), —P—0O (28) 
27 28 


In the presence of deuterium, the 24 ortho hydrogens of 27 are exchanged for 
D at room temperature (48). It is pertinent to note that 27 undergoes a reductive 
elimination of Ha rather than HCl. When phenol was added to solutions of 27, 
the phenol was also ortho deuterated indicating that phenol was exchanging with 
the phenoxy groups of the triphenylphosphite. 
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The substitution of ortho hydrogens of coordinated phenylphosphines and 
phenylphosphites suggests that the formation of the cyclic intermediate proceeds 
via a Friedel-Crafts-type electrophilic substitution (52). The complete scheme, 


using 27 —— 28 as an example, may be written as follows: 


=]; AN ‚I 
27 [RuHCKP(OPh) 3 )3 ] === Lhe SO EE 
































(PhO).—P—O 
m—complex 
H Cl H 
N e ` BR ALY A H 
NH) NCL hag) 
(PhO),—P O (PhO),—P——O 
a~--complex 
Cl 
| +L 
ie 7 28 (L= P(OPh);) 
(PhO),—P O 


The dissociative loss of a ligand in the first step allows the arene to x complex 
with the metal. In support of the electrophilic substitution mechanism it has been 
shown (49) that electron-donating substituents on the ring enhance the rate of 
ortho substitution. In the above example, this would be consistent with the attack 
of the electrophile Ru2+ in the x complex to form the ø complex which is then 
stabilized by proton transfer (oxidation) to form the dihydrido species. The essen- 
tial steps in the reaction sequence are all reasonable and each is more or less 
documented and hence there is good reason to believe that H—D exchange occurs 
essentially in the manner shown. 

Many other phosphine complexes, in addition to those mentioned in this short 
account, have been reported to undergo exchange. For a more complete account 
see Ref. (52). 


V. Exchange Catalyzed by Soluble Platinum Catalysts 


A. General 


Solutions of platinum(II) chlorides in Dg0:CH3COeD have been shown (34—56) 
to be effective catalysts for exchanging the hydrogens of benzene, alkylbenzenes, 
polyphenyls, and polycyclic hydrocarbons. In a typical experiment with biphenyl, 
0.11 g (0.7 x 10-3 mol) of the hydrocarbon, 0.50 g (1.30 x 10-3 mol) of NagPtCl, 
and 0.048 g (1.30 x 10-3 mol) of DCI (generated by reacting acetyl chloride with 
D20) are added to 2 ml of a D20 solution containing 67 mole percent CHsCOgD. 


186 


Hydrogen-Deuterium Exchange in Aromatic Compounds 


The solution is heated at 100° for 5 h (36). Under these conditions, NagPtCl, 
catalyzes the exchange of 41.2 percent of the hydrogens in the biphenyl and under 
similar conditions, 36.1 percent of the hydrogens in a 0.105 g (0.82 x 10-3 mol) 
sample of naphthalene. 

Exchange proceeds at all positions in aromatic compounds with the exception 
of those ortho to a substituent or ortho to a position of ring fusion. Active exchange 
positions are marked with a D in Fig. 3 (56). This selectivity, which probably is a 
result of steric hindrance, can be partially overcome by raising the temperature 
from about 100° to 130°. However, increased temperatures result in a slow pre- 
cipitation of the platinum, probably as zero-valent metal, and heterogeneous 
exchange which might then be expected, is inhibited by the acetic acid. The pre- 
cipitation of metal may be a result of disproportionation of Pt(II) to Pt(0) and 
Pt(IV); the Pt(IV) is then probably reduced by oxidative coupling of aromatic 
rings and other, still ill-defined, reactions. 


ge Bd 
we 


Fig. 3. Active positions for H—D exchange. [* Substitution at these positions is most likely 
acid catalyzed (29)] 





B. Mechanism 


A suitable mechanism for the homogeneous platinum catalyzed exchange must 
rationalize two important experimental observations: (1) low reactivity at the 
ortho positions of substituted benzenes and (2) absence of substantial electronic 
effects of substituents in the benzene ring (57). For these reasons, a mechanism 
involving the direct attack of external D+ on the “z complexed” benzene has 
been rejected. 

Two independent pathways for the exchange mechanism, both of which ac- 
commodate experimental observations, have been proposed (57) and these are 
shown in Fig. 4. Pathway I may be called the oxidative addition pathway. It 
involves attack on 29 to give a 5-coordinate Pt(II) 2-complex intermediate (or 
transition state), 30. Complex 30 then undergoes the oxidative addition (or metal 
insertion into an aromatic C—H bond) to give the Pt(IV) complex, 37. This step is 
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exactly analogous to the Ru—C19H¢x case mentioned earlier [Eq. (23)]. Reductive 
elimination converts 37 to the o-bonded complex 34 with extrusion of HCl. The 
oxidative addition of DCl and its reductive elimination giving the equilibria be- 
tween 34, 37, and 30 provides for the H—D exchange. The deuterated aromatic is 


eventually released from 30 by its displacement from the catalyst in the equi- 


librium reaction 30 == 29. 


[rec |” 


29 
H(D) 


2- 
CI çi U 


a) c- 
Cl H(D) ~*~ 
30 
Cl 
A 
Cl H(D) 


32 
hei? 
EKD) a 
Ct 


| 


CI H(D) 





HCl DCI 33 


wAn 


Cl Cl 


O -O 


Ci Cl 


34 34 


Fig. 4. Mechanism for Pt(II) catalyzed H—D exchange 


Pathway II involves the conversion of 30 to the n-complex intermediate, 32. 
The conversion of 32 to 33 may be considered as an electrophilic attack by PI 
on the aromatic nucleus to give the usual delocalized cationic intermediate charac- 
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teristic of aromatic electrophilic substitution reactions. The loss of a proton from 
33 to give 34 (and the reverse addition) provides the step for H—D exchange. At 
the present time it appears that a choice between pathways must await further 
experiments although some preference has been expressed for Pathway I (38). 

Benzene, alkylbenzenes, and polyphenyls appear to undergo multiple exchange, 
1.€., the introduction of two or three deuterium atoms per encounter with the 
platinum atom. It will be noted that both pathways I and II require that each 
single exchange involves a x to ø conversion, t.e., either 30 to 34 or 32 to 34. Mul- 
tiple exchange during a single encounter implies that this conversion is rapid 
relative to the dissociation of the z complex to give free aromatic. 

Contrary to the monocyclic compounds, polycyclic aromatics appear to ex- 
change only one deuterium atom per encounter. Some carbon-carbon bonds in 
polycyclic aromatics have significantly higher bond orders than the bonds in single- 
ring aromatics and this enhances their rates of x complexation (56). After z com- 
plexation of the platinum to the particular double bond with the highest bond 
order, conversion to the sigma complex occurs, the sigma Pt—C bond being formed 
at the less sterically hindered position. The H atom at this position becomes the 
labile atom which is subject to exchange with external D. Reconversion to the a 
complex, now containing a single D atom, then occurs forming the complex at the 
original site of highest bond order. If the a complex does not release the dı 
aromatic at this stage, but instead undergoes a second conversion to the o complex, 
it does so at the same position as the first conversion. Thus each encounter with 
Pt generally results in a single exchange with most polycyclic compounds. The 
rate determining step for exchange with benzenes and polyphenyls is thought to 
be the formation of x complex 32, while for the polycyclics it is thought to be, at 
least via pathway II, sigma bond formation, 32 = 33. The difference in the rate 
determining step of the two types of substrates can, by itself, account for single 
and multiple exchange per encounter. 

The exact detailed mechanism is probably more complicated than the above 
discussion indicates because, among other things, the relative rate of exchange of 
various polycyclics is not a smooth function of the highest bond order of the various 
polycyclics (56). 

Finally, it has been recently reported (59) that Pt(IV) salts such as [PtCl1e]?- 
deuterate benzene under the same conditions as the Pt(II) salts above. [PtCl¢|2- 
is reduced by benzene to give [PtCl4]?-, deuterated chlorobenzene, and deuterated 
biphenyl. The [PtBr4]?- salts seem to have little ability to effect hydrogen ex- 
change. The compound NaglIrClg has been shown to catalyze the exchange of 
aromatic hydrogens of benzene and alkylbenzenes in 25 mole percent CHsCOeD: 
D20, (60) similar to the platinum({II) catalysts. 


VI. Selective Hydrogenation-Dehydrogenation Catalyzed by 
Dicobalt Octacarbonyl 


Although ordinarily the system Cog(CO)g plus high pressure synthesis gas (H2 + 


CO) results in hydroformylation of olefinic bonds, i.e.., production of aldehydes, 
certain substrates that do not possess isolated double bond character can be hydro- 
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genated rather than hydroformylated (67). Thus when anthracene is treated with 
Ha and CO at high pressures in the presence of catalytic quantities of Coa(CO)s, 
quantitative yields of 9,10-dihydroanthracene are formed (62). It is known that 
the active catalyst under these catalytic oxo or hydroformylation conditions is 
HCo(CO)4 and indeed when anthracene, 35, is treated with this carbonyl at room 
conditions, 9,10-dihydroanthracene, 36, is formed (63). 


H H 
II ern — FO. ` mi 
H H 


Sc 36 


If a benzene solution of anthracene is treated with CO (1350 psi) + Da (1300 
psi) in the presence of Coe(CO)g, at 200° for 11 hrs, the tetradeuterio compound 
36-d4 is formed in good yield (64). The tetradeuterio compound, 9,10-dihydro- 
anthracene-9,9,10,10-d4, probably arises from a series of hydrogenation—dehydro- 
genation reactions which, neglecting the equilibria involving H—D exchange, 


may be written: 
(CO) H. D 
35 


2K, 
D CO" 36-d, (31) 
OLD 2 
“Cy 
D 
35-d, 





36-d, 


Under the above conditions, the d4 compound is formed in 71 percent yield. 
The other major product is the monoprotio analog of 36 (22%). Careful character- 
ization of the products showed no D on the outer aromatic rings. Although such 
a conversion has not been reported, if 36-d4 were to be dehydrogenated chemically, 
with a reagent such as sulfur or chloranil, it would be possible to obtain 35-dg. 

In a convenient modification of the above procedure (64), it is possible to use 
DsO-dioxane as a source of deuterium. Thus if anthracene is dissolved in Da. 
dioxane and treated with high pressure (3000 psi) CO at 175°, 36-d4 can be formed. 
The D20 probably reacts with CO in the water-gas shift reaction: 


co (CO) 8 


CoO+DO cc Dat CO? (32) 
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Dz + Cog(CO)g <=> 2DCo(CO)4 (33) 


Since D20 is considerably cheaper and more convenient to use than Dg, this 
is an attractive method to place D specifically at the 9,10 positions of anthracene. 
Pyrene, 37, is also selectively hydrogenated by the Cog(CO)g + CO + D2 system, 
providing a possible route to the specifically labelled pyrene-4,5-da, 37-da. Retreat- 
ment of 37-da might lead to pyrene-4,5,9,10-d4. 


Fun EO n 
D D 


37 37-d, 


The above reaction incorporating D is obviously restricted to those poly- 
cyclic hydrocarbons that react in the Cog(CO)g catalytic system; but not all poly- 
cyclics are reactive; e.g., phenanthrene reacts only very slowly under these con- 
ditions (65). Quite a few hydrocarbons have been investigated. When they 
react they generally seem to give only one product (62) making it possible to 
have specific positions labelled on specific hydrocarbons. This is obviously not a 
general method for preparing deuterated aromatic compounds. 
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